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ABSTRACT

Due to their ability to straddle phase boundaries, polymer brushes represent a
model system for studies of polymer-modified surfaces. The research presented in this
dissertation focuses on understanding a special type of polymer brushes formed at the
solid-fluid interface by self-assembly of block copolymer chains that have the ability to
tether by multiple ends, thus creating loops on the surface. Specifically, I study the selfassembly of a series of poly(2-vinylpyridine)-polystyrene-poly(2-vinylpyridine) (PVP-bPS-b-PVP) triblock copolymers and PVP-b-PS star block copolymers adsorbed from the
selective solvent toluene onto silicon and mica surfaces. The triblock and star copolymers
have different molecular weights and PS/PVP ratios systematically varying from
asymmetric to symmetric compositions. In the case of the stars, the number of arms is
also varied. The self-assembly processes and structure are studied mostly in a solvent that
is selective for the PS block. I focus on understanding how having multiple tethering
points and how composition parameters (molecular weight, PS/PVP ratios, and number
of arms) affect the kinetics of preferential adsorption and layer structure of the resulting
brushes.
The triblock copolymers form a looped polymer layer with average properties that
can be described by considering the brush as made of equivalent diblocks of half the
molecular weight of the triblock copolymer. The kinetics of preferential adsorption
displays the two regimes expected for adsorption of diblock copolymers – there is rapid
adsorption at early times followed by a transition to a slower regime. However, there are
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characteristic differences for the triblock materials: they adsorb faster than an analogous
diblock copolymer of similar (total) molecular weight, and form a brush with
approximately one-half the thickness of the brush made from the analogous diblock
copolymer. Both characteristics are a direct result of the looped conformation adopted by
the preferentially adsorbed triblocks, and this looping also results in the structure that
displays a polydispersity-like effect introduced by the layer having a distribution of
distances between tethering points of the brush chains.
The kinetics of preferential adsorption and the force profiles for the adsorbed star
copolymers are shown to be affected by star parameters such as total molecular weight,
PS/PVP ratio, and number of arms. However, the dependence on these parameters is
more complex in this case and there is no obvious trend evident in the data.
The results reported in this dissertation show that by manipulating copolymer
architecture, looped polymer brushes can be created, and their layer structure,
interactions, and therefore properties, can be manipulated by chain parameters such as:
molecular weight, asymmetry of chains, and degree of branching. Also, the detailed
knowledge of the kinetics of preferential adsorption presented in this dissertation opens
the possibility of manipulating brush structure by controlling, for example, chain grafting
densities or creating mixed polymer brushes.
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CHAPTER 1
INTRODUCTION

1.1 Polymer Brushes

The term polymer brush refers to a collection of polymer chains that are tethered,
usually by one end, to a surface or interface at sufficiently high surface densities that they
stretch away from the surface to avoid overlapping.[1-3] This stretched configuration,
which is very different from the coiled configuration that the same chains will adopt in
solution, affects many aspects of their behavior, confers many novel properties to
polymer brushes,[4-9] and makes them a model system for surface modifying agents. For
tethered polymer chains, the characteristic length is the distance between tethering points,
d, so if d becomes less than twice the radius of gyration, Rg, which is the characteristic
size of the chains in solution, the tethered chains overlap and adopt the stretched
configuration that is characteristic of a polymer brush. For grafting densities below this
limit, the chains adopt a configuration very similar to their configuration in solution and
they are said to be in the non-overlapping or “mushroom” regime. These ideas are
depicted in Figure 1.1.
Polymer brushes are important in many areas of science and technology where
they have been used in a great variety of applications such as stabilizers of colloid
particles,[10] as interfacial lubricants,[11] in the biocompatibilization of surfaces,[12] in
chromatographic devices,[13] as active components of a responsive surface,[14, 15] and
as compatibilizers of polymer blends or composites.[16-18] Also, many polymer systems

have as a central model the polymer brush structure:[2] in cases such as polymer
micelles, block copolymers at fluid-fluid interfaces, polymers grafted to a solid surface,
adsorbed diblock copolymers, and graft copolymers at fluid-fluid interfaces, the polymer
chains are confined to an interface and crowded, resulting in chain stretching. Because of
this commonality, a fundamental understanding of the assembly, structure and
interactions of polymer brushes is broadly important.

Figure 1.1 Polymer chains in solution and tethered to a surface. When the grafting
density is low, corresponding to d > 2Rg, the chains adopt a coiled configuration
(mushroom regime) very similar to their configuration in solution. For greater grafting
densities, corresponding to d < 2Rg, the chains are overlapped and adopt a stretched
configuration (polymer brush) to alleviate lateral crowding.

Polymer brushes can exist in either melt conditions, or in solutions. In the former
case, the chains stretch to avoid overfilling space, while in the latter they stretch because
of excluded volume interactions.[3] In both situations, the thickness of a polymer brush
scales linearly with the degree of polymerization of the chains, N, independent of the
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solvent quality.[19] If the solvent is good the chains will try to maximize contact with it
by minimizing contact with each other adopting the most stretched configuration
possible.[3]
It is often useful to classify polymer brushes according to distinguishing features
of how they are made, their constituents, or the type of surface to which they are tethered.
For example, brushes may be created on planar or curved hard, macroscopic substrates,
on flexible surfaces such as polymer fibers or films, or on dynamic interfaces such as airwater interfaces. They can even be attached to or grown from nanoparticles. All of these
may encompass single component brushes or multicomponent brushes. Multicomponent
brushes are made of a mixture of two or more homopolymers or from multiblock
copolymers. The constituent polymers can be neutral, charged, flexible, semi-flexible, or
even liquid crystalline.[2] Regardless, in all of these cases, the characteristic structure
remains: layers of chains that straddle interfaces by virtue of being tethered by one end.
Many of these topics will be treated more fully in subsequent subsections of this chapter.
This dissertation deals with understanding polymer chains that tether by multiple
ends at the solid-fluid interface, thus forming looped polymer brushes. Furthermore, in
my studies the looped polymer brushes were created from neutral block copolymer
chains, and they are studied mainly under good solvent conditions.

3

1.2 Formation of Polymer Brushes at Solid Surfaces

Polymer brushes on solid surfaces can be created following two different
strategies: “grafting to” techniques and “grafting from” techniques. Grafting from
techniques consist of decorating the surface with specific initiators, followed by the
addition of monomers and catalyst, and then growing the chains from the surface via a
surface initiated polymerization (SIP). An advantage of this technique is that very thick
brushes with high grafting densities can be achieved. On the downside, polymer brushes
created by these techniques are very difficult to characterize in detail because their
molecular weight and polydisperisty, for example, often cannot be known
unambiguously. In the case of grafting to techniques, the polymers used to create the
brush are first synthesized and characterized, so a better description of the brush can be
obtained. One facile and often used methodology to create polymer brushes by the
grafting to strategy is by self-assembly of block copolymers by preferential adsorption
using a selective solvent and/or a selective surface. In this approach, a solvent that is
good for one block but poor for the other is used to create a situation where the nonsolvated block, due to unfavorable interaction with the solvent, preferentially adsorbs,
thereby tethering the well-solvated block to the surface. This process is facilitated when
the non-solvated block interacts strongly with the surface. The non-solvated attaching
block is usually referred to as the “anchor” block, A, and the non-adsorbing block that
forms the brush is usually referred to as the “buoy” block, B. The self-assembly
methodology is usually preferred for fundamental studies since it is very practical,
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scalable, and offers the important advantage that the polymers used are well characterized
a priori, so effects such as molecular weight and chain architecture on brush structure
and interactions can be studied in detail.

1.3 Background

The past three decades have seen the growth of a large body of literature on
polymer brushes. Theoretical and experimental studies have been published on the
structure and properties of polymer brushes at surfaces and interfaces. The theoretical
studies range from simple but very useful scaling relations that provide a general
description of the brush properties,[19-21] to more sophisticated treatments using selfconsistent field theory[22-24] and computational simulations using Monte Carlo or
molecular dynamics approaches.[25-28] On the experimental side, various techniques
have been used to study different aspects of the assembly, structure, and interaction of
polymer brushes.[2]
Of these techniques, the surface forces apparatus (SFA)[29] has been used
extensively to study the interaction of two opposing surfaces bearing polymer brushes.
An advantage of this technique is that it provides a direct measurement of brush height
and forces of interaction. Also structural information can be inferred from the shape and
range of the force profiles (forces of interaction as function of separation distance),
especially at low levels of compression. SFA experiments have confirmed the theoretical
predictions of the layer height in good [30, 31] and theta solvents.[32, 33] Master curves
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have been obtained for a variety of linear brushes, made by preferential adsorption of
diblock copolymers, in both good and theta solvents. These master curves result from the
description of how the forces of interaction between two opposing polymer brushes
depend on brush characteristics like molecular weight and grafting density and
thermodynamic interactions the chains have with their solvent environment.[30, 33]
While surface forces measurements are significant for their ability to directly measure
forces of interaction at length scales approaching molecular dimensions, these forces
must be connected to a description of brush structure through a model – structure of the
layer is not directly measured.
Therefore, another important technique in the study of polymer brushes is neutron
reflectometry (NR). Using NR, the segment density profile in the direction normal to the
surface can be obtained, giving a more complete description of the nanoscale structure of
the brush.[34-43] One of the principal advantages of NR is the possibility of “labeling”
molecules by substitution of hydrogen by deuterium. This strategy (known as isotopic
substitution) makes it possible to focus on parts of a molecule or structure, resulting in a
very detailed structural depiction of the layer. Because neutrons are uncharged particles
they interact with the nucleus of materials giving NR another important advantage: high
penetration depth and the possibility to study buried surfaces in different solvents. All
these advantages have made NR one of the preferred experimental techniques to study
polymers at surfaces and interfaces.
While SFA and NR are very useful techniques to study the equilibrium properties
of polymer brushes, they are not yet suitable for kinetic studies of layer assembly.
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Knowing and understanding the kinetics of brush formation is important because it
provides a description of how the brush evolves with time and opens the possibility to
manipulate, for example, grafting densities, brush stretching, and composition of the
brush (creation of mixed brushes). This can be used to control surface properties. One
technique that has proven to be very useful for kinetic studies is ellipsometry. This
technique, which relies upon measurement of the change of the state of polarization of
light upon reflection from a surface,[44] is capable of discriminating the amount of
polymer adsorbed as function of time with response times as low as 1 ms.[45]
While the amount of literature on polymer brushes is vast, reflecting both the
importance of these systems and depth of understanding gained from these systems, most
of this literature is focused on linear polymer chains attached to an interface by one end.
Even though it was shown very early, using computer simulations, that chain architecture
can have important effects on the structure of the resulting polymer layer,[46] and
therefore the range of interactions across interfaces, very few efforts have been devoted
to studying polymer brushes formed from polymer chains of complex, branched
architectures. Perhaps the main reason for this is because complex copolymer
architectures are more difficult to synthesize and characterize. In recent years, the
rigorous synthesis of block copolymer materials has evolved in such a way that it is
possible to have access to polymeric materials with very precisely controlled
architectures.[47, 48]
One of the first experimental studies that focused on the interactions between
complex copolymer architectures at a solid surface is the work of Tirrell et al.[49], who,
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in 1987, used the surface forces apparatus to measure the force profiles of a series of
poly(vinylpyridine)-block-polystyrene-block-poly(vinylpyridine)

(PVP-b-PS-b-PVP)

triblock copolymers adsorbed from toluene onto mica. In their work they found that the
layer heights (as extracted from the separation distances at which the onset of forces were
detected) for the looped brushes made from the triblock copolymers did not scale linearly
with total PS molecular weight, which is the behavior observed for singly-tethered linear
brushes made from preferential adsorption of diblock copolymers. They attributed this
result to the formation of loops on the surface and therefore the introduction of a new
degree of freedom for this system, i.e. the separation distance between the two tethered
ends of a single molecule. In a subsequent work Patel et al. presented[30] a simple model
to describe the forces of interaction of brushes made from both PVP-b-PS diblock and
PVP-b-PS-b-PVP triblock copolymers. In their model, they considered the triblock
copolymer as made of two diblock copolymers having PS blocks of half the molecular
weight of the triblock and a PVP block equal to one of the end blocks of the triblock.
Using this “equivalent diblock” approach to reduce the experimental data from the
triblocks, they obtained a master curve for both diblock and triblock copolymers with a
reasonably degree of accuracy. However, the structural details of the brushes formed
from those preferentially adsorbed triblock copolymers were not investigated.
Along similar lines, in 1992, Dai and Toprakcioglu[50] studied the adsorption of
poly(ethylene oxide)-block-polystyrene-block-poly(ethylene oxide) (PEO-b-PS-b-PEO)
from toluene onto mica using the surface forces apparatus. In these experiments the
assembly was carried out in such a way that adsorption of the chains was permitted on
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only one of the two mica surfaces. (This was done by ensuring that only the lower surface
in the surface forces apparatus was immersed in the polymer-containing solution.)
Subsequent force measurements were notable because they reported the formation of
“bridges” between the surfaces, as evidenced by the presence of attractive forces between
the confining surfaces during consecutive compression and expansion cycles. These
attractive forces arise because the adsorption of the PEO-b-PS-b-PEO copolymers
produce brushes having a combination of “loops” and “tails”, with the relative proportion
depending on the size of the PEO anchor block. For short chains they found that a mixed
layer consisting of loops and tails was formed, but as the anchor block size is increased,
the chains of the layer assemble almost completely in a loop conformation. The formation
of this mixed structure was explained in terms of the preferential affinity of the PEO
(anchor) block for the surface and the fact that toluene is not a poor solvent for PEO.
Thus, the criteria for preferential assembly of this system is not rigorously fulfilled.
Dorgan et al.[51] similarly studied the adsorption of PEO-b-PS-b-PEO triblock
copolymers from toluene onto silicon surface using null-ellipsometry. They presented the
first measurements of the adsorption kinetics, in terms of the adsorbed amount as a
function of time, and adsorption isotherms of those doubly-bound, end-attaching
polymers. They found that the kinetics of assembly followed a two step process:[52] at
short times, Fickian behavior is observed followed by a second regime where the surface
concentration increases slowly because the assembled layer rejects the penetration and
attachment of incoming chains that would increase the areal density of the brush layer.
They also found that the tethering density (adsorbed amount) for brushes made from
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triblocks was less than expected based on an equivalent diblock (with the same total
molecular weight of the triblock), and attributed this behavior to the formation of loops
on the surface.
Brushes formed from more complex architectures have also been studied by a few
other researchers. For example, Tian et al.[53] studied the role of branching on the
structure of polymer brushes formed from PS/poly(isoprene) comb copolymers. They
showed that branching can affect the structure and range of interactions of a polymer
brush. Moreover, they showed that the effect of branching can be incorporated into a
mean-field model that describes how the forces of interaction vary as a function of
degree-of-compression of the layers. Irvine et al.[12] examined the interfacial topology of
linear and star PEO brushes and the ability of these PEO-modified surfaces to inhibit
protein adsorption. They found that the star architecture was more efficient in preventing
protein adsorption. These examples show that polymer architecture is a parameter that
can be used to tailor surface structure and properties.
While there have been some studies on the effect of copolymer architecture on the
self-assembly and equilibrium structure of polymers at surfaces and interfaces, research
in this area remains scarce. No systematic study, for example, of polymer brushes that
form loops by tethering through multiple ends, has been done. This vein of research is
important as the myriad applications for brushes may benefit from more complex
architectures.
My research presented in this dissertation focuses on understanding how having
multiple tethering points affects the kinetics of self assembly and resulting structure of
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polymers attached to the solid-fluid interface. Specifically, I focus on the self assembly of
poly(2-vinylpyridine)-block-polystyrene-block-poly(2-vinylpyridine), PVP-b-PS-b-PVP,
triblock copolymers and poly(2-vinylpyridine)-block-polystyrene, PVP-b-PS, star block
copolymers that self-assemble at the solid-fluid interface. Both of these systems form
brushes attached by the PVP end-blocks. The structures shown in Figure 1.2 are realized
when the adsorption is carried out from dilute toluene solution onto silicon and mica
surfaces. Toluene is a selective solvent for PS; therefore, in the case of the triblock
copolymers a “looped” polymer brush is formed, and in the case of the star copolymers
an “octopus-like” structure with multiple tethering points and loops is formed. The main
experimental techniques used to study the formation, structure, and interactions of these
complex polymer brushes are phase modulated ellipsometry and the surface forces
apparatus. The experimental observations are augmented by models of the kinetics of
adsorption and equilibrium structure.
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Figure 1.2 Block copolymer architectures studied in this dissertation. The triblock and
star block copolymers are expected to attach by their ends, thus forming interfacial
structures having multiple tethering points and loops.

1.4 Research Objectives

The over-arching objective of the research presented in this dissertation is to
understand the assembly, structure, and interactions of brushes having multiple tethering
points (thus forming loops on the surface). This includes investigating how chain
architecture, size, molecular composition (expressed usually as a molecular weight ratio
of constituents blocks) affect the kinetics of preferential adsorption and the resultant
interfacial layer structure. I pursue this by studying two model systems: the preferential
adsorption of ABA triblock copolymers, and AB star block copolymers. (Recall that A
refers to the anchor block and B refers to the buoy block.) The triblock copolymers
represent the simplest model of chains that tether by multiple points (i.e. two tethering
points) and, therefore, this system can be compared easily with singly-tethered polymer
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brushes. On the other hand, star copolymers are a much more complex system, and the
structure and properties may be very different than those observed for linear polymer
brushes.
The main objectives of the research are:
1. To create looped polymer brushes by preferential adsorption of ABA
triblock copolymers at the solid-fluid interface;
2. To study the effect of molecular weight and macromolecular composition
(in terms of the ratio of the constituent blocks) on the kinetics of
preferential adsorption and force profiles of looped brushes made from
preferential adsorption of ABA triblock copolymers, and to compare
behaviors with the equivalent diblock counterpart;
3. To measure the force profiles of looped polymer brushes in good solvent
conditions using the SFA, and infer, from comparison of these profiles
with theoretical models, details of the structure of looped polymer brushes
formed from preferential adsorption of ABA triblock copolymers;
4. To study the effect of molecular weight, ratio of constituents blocks, and
number of arms on the kinetics of preferential adsorption of AB star block
copolymers at the solid-fluid interface; and
5.

To study the effect of molecular weight, ratio of constituents blocks, and
number of arms on of the forces of interaction between these looped layers
formed from the star copolymers.
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These objectives are accomplished through the research presented in the
following chapters. Chapter 2 deals with the kinetics of preferential adsorption of looped
polymer brushes formed using a series of ABA triblock copolymers that vary in molecular
weight and macromolecular composition. In this chapter a comparison with the analogous
diblock counterpart is also presented. Chapter 3 deals with the study of the equilibrium
structure of looped polymer brushes via the measurement and analysis of the force
profiles between surfaces bearing the looped polymer brushes. Chapter 4 presents a study
of the kinetics of preferential adsorption of AB star block copolymers that tether by
multiple ends, focusing on the effect of molecular weight, ratio of constituent polymers
and number of arms. Chapter 5 includes preliminary results from studies of the star
copolymer system using the SFA, NR, and atomic force microscopy, AFM, techniques.
Finally, chapter 6 presents general conclusions and recommendations for future research.
At the end of the dissertation several appendixes containing supplemental information are
presented.
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CHAPTER 2
LOOPED POLYMER BRUSHES FORMED BY SELF ASSEMBLY OF POLY(2VINYLPYRIDINE)-POLYSTYRENE-POLY(2-VINYLPYRIDINE) TRIBLOCK
COPOLYMERS AT THE SOLID-FLUID INTERFACE. KINETICS OF
PREFERENTIAL ADSORPTION.
[As published in Macromolecules 2006, 39, 8434-8439 with minor changes]

Abstract
The kinetics of assembly of a series of poly(2-vinylpyridine)-polystyrene-poly(2vinylpyridine) (PVP-b-PS-b-PVP) triblock copolymers from the selective solvent toluene
onto a silicon surface has been studied using phase-modulated ellipsometry. The
adsorbed amount and thickness have been determined independently as functions of time.
Even though the adsorbed amount as a function of time follows the traditional two step
process that is typical of the self-assembly of diblock copolymers - there is an initial fast
adsorption followed by a slow build up of the layer (brush regime) - the thickness shows
an “overshoot” that corresponds to the brush regime. We attribute this phenomenon, not
observed in the self-assembly of amphiphilic diblock copolymers, to having both ends of
the chain tethered. The final ellipsometric thicknesses of the brush made from the
triblocks are less than that expected for a single-end tethered brush made from a diblock
copolymer with a buoy block of similar molecular weight. This result supports the
conclusion that PVP-b-PS-b-PVP triblock copolymers adsorb mainly in a loop-like
conformation.

2.1 Introduction

Modifying surfaces is important for a variety of existing and emerging
technologies like colloid stabilization,[1] compatibilization of polymer blends,[2] and the
creation of biocompatible materials.[3] One well-known method that has been applied to
create interfacial layers for such modifications is the self-assembly of amphiphilic block
copolymers from dilute solution using a selective solvent. In such a solvent, one block is
well solvated and the other is not, creating a situation whereby the insoluble block is
driven to the surface, tethering the well solvated block at the solid-fluid interface by its
end. At sufficiently high surface density the tethered chains stretch into the solvent phase,
creating a so-called “polymer brush” structure.[4] Because of this tethering mechanism
and layer structure the insoluble and well-solvated blocks are referred typically to as the
“anchor” (A) and “buoy” (B) blocks, respectively.
The assembly, structure, and properties of polymer brushes made by
preferentially-assembled A-B diblock copolymers has been the focus of much research,
both theoretical and experimental, for the past two decades, and is very well
understood.[5-9] However, much less attention has been devoted to studies of polymer
brushes created by more complex, multiblock copolymer architectures such as stars,
combs, and triblocks copolymers. Using these copolymer architectures to create brushes
may allow layer height, conformation of chains, degree-of-stretching, and tethering
density to be manipulated in ways not possible with simple linear polymers.
Consequently, these differences allow surface properties, such as adhesion, friction, or
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resistance to deposition of foreign molecules, to be enhanced. For example, Sofia et al.
showed[3] that looped layers formed by preferential assembly of polystyrene-bpolyethylene oxide (PS-b-PEO) stars were more effective in preventing the non-specific
adsorption of proteins than surfaces modified by singly-tethered chains formed by the
corresponding PS-b-PEO diblock copolymer. Also, looped polymer chains self-organized
at polymer-polymer interfaces can be used as the basis for a “molecular velcro”, which
can strengthen the interface in a polymer blend system by facilitating and promoting
entanglements.[10] These examples highlight the utility of interfacial modification using
complex macromolecular amphiphilic block copolymers and underscore the importance
of understanding how surface density, polymer architecture, macromolecular
composition, and size affect the adsorption, structure and properties of the resulting
brushes.
In this work we report on the kinetics of preferential adsorption of polymer
brushes created using poly(2-vinylpyridine)-polystyrene-poly(2-vinylpyridine) (PVP-bPS-b-PVP) triblock copolymers assembled from the selective solvent toluene onto a
silicon surface. With this type of architecture and composition it is expected that these
block copolymers will attach by both ends to the surface and will form, at sufficiently
high surface densities, looped polymer brushes.
The kinetics of adsorption of A-B-A triblock copolymers onto surfaces has been
studied by others;[11-16] however, there are two important differences that distinguish
this contribution: First, previous studies of the adsorption behavior of A-B-A triblock
copolymer adsorption have involved mainly PEO-PS-PEO copolymers assembled from
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the non-selective, good solvent toluene onto silicon substrates. Because PEO has a weak
affinity for silicon and because the interaction between PEO chains in toluene is
repulsive, highly asymmetric block copolymers with short PEO blocks are needed to
create a brush-like structure. In the concentration range where we carry out our studies,
PEO/PS systems display a complex concentration dependence, where, unlike
styrene/vinylpyridine systems,[17] the adsorption is sensitive to the concentration of the
incubation solution and adsorbed chains can be readily exchanged from silicon
surfaces.[16] Second, the general approach to study the kinetics of adsorption has been to
report the adsorbed amount as a function of time, which provides no insight into the
molecular-level structure. When a technique such as nulling ellipsometry is used, an
average thickness may be obtained by assuming a suitable refractive index for the
evolving layer and using this information to calculate the adsorbed amount.[14, 16] In
this work both the adsorbed amount and ellipsometric thickness are determined
independently as functions of time. This important difference reveals more information,
especially during early stages of the assembly, of the nanoscale structural evolution of the
brush, and for the first time, an overshoot in the thickness is observed for these A-B-A
copolymers, providing a key insight into the mechanism of self-assembly of these
macromolecular amphiphiles at the solid-fluid interface.
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2.2 Experimental

A series of triblock copolymers of PVP-b-PS-b-PVP were prepared at the
University of Tennessee via anionic polymerization, which allows precise control of the
molecular weights and composition. As the synthesis of these materials extends our
previously published methods,[18] details of the preparation and molecular
characteristics of these copolymers are provided in the Supporting Information in
Appendix A. The copolymers studied are listed in Table 2.1. Throughout this chapter, in
the table and figures, I refer to the copolymers by their total molecular weight (in
thousands), S/V content, and architecture (by using T for triblock and D for diblock). One
PVP-b-PS diblock copolymer, also anionically synthesized, was available in our
laboratory and studied for comparison purposes.
Sample Preparation. Diced silicon wafers (size 1 cm x 1.2 cm) were purchased
from Silicon Quest and cleaned by immersing in a freshly-made 1:3 hydrogen
peroxide/sulfuric acid solution (piranha solution) for 30 minutes at 80 °C, then rinsing
with distilled water, and finally drying with filtered N2. Substrates were prepared
immediately before each experiment.
HPLC grade toluene (Sigma-Aldrich) was filtered using PTFE 0.22 µm filters
(Millipore) before use in the preparation of stock solutions and to fill the experimental
fluid cell at the beginning of each phase-modulated experiment. No further purification of
the solvent was done. Stock solutions of each triblock copolymer were prepared and
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allowed to equilibrate for at least one week prior to the experiments. The concentration of
the stock solutions was 78 mg/l.

ID

S/V

⎛ mg ⎞
⎜
⎟
⎜ 2⎟
⎝m ⎠

(nm)

σ ×102
⎛ chains ⎞
⎜
⎟
⎝ nm 2 ⎠

T252k
T136k
T170k
T120k
T161k
T125k
T98k
D272k

10/1
10/1
4/1
4/1
1/1
1/1
1/1
11/1

3.95
4.28
3.60
3.32
2.71
3.02
2.74
3.55

31
19
23
8
70

1.89
3.79
2.55
3.33
2.03
2.91
3.37
0.77

Ad

Helli

σol×102
⎛ chains ⎞
⎜
⎟
⎝ nm 2 ⎠
0.24
0.50
0.45
0.68
0.84
1.13
1.51
0.09

Aol
⎛ mg ⎞
⎜
⎟
⎜ 2⎟
⎝m ⎠

0.6
0.7
0.8
0.7
1.2
1.2
1.3
0.4

Ad*

σ*

⎛ σ
⎜⎜
⎝ σ ol
7.83
7.54
5.69
4.91
2.42
2.57
2.23
9.00

⎞
⎟⎟
⎠

⎛ mg ⎞
⎜
⎟
⎜ 2⎟
⎝m ⎠

3.58
3.73
3.05
3.02
1.67
2.06
2.43
2.19

t*
(s)

1105
770
230
205
498
160
165
720

Table 2.1 Results from the kinetics experiments and analyses for the triblocks and
diblock copolymer studied. The adsorbed amounts from the plateau region, Ad, and at
overlap, Aol, are extracted from the kinetics experiments, as is the final swollen layer
thickness, Helli. The tethering density, σ, and tethering density at overlap, σol, are
calculated based on an equivalent diblock model. Ad* and t*, and are the values of the
adsorbed amount and corresponding time after which the model embodied by Equation 8
is valid.
Phase-modulated Ellipsometery. The kinetics of adsorption was followed using
a variable angle Beaglehole Picometer ellipsometer, which uses a He-Ne laser light
source (λ = 632.8 nm) and has an angular resolution of 0.01°. In contrast to conventional
nulling ellipsometers,[14] the Picometer ellipsometer uses phase modulation[19] to
achieve a higher sensitivity and lower noise in the ellipsometric signal. Instead of a
rotating polarizer, a photo-elastic birefringence modulator is used to modulate the beam,
giving response times as short as 1 ms. The ellipsometer measures the real and imaginary
components of the ellipsometric ratio, ρ, defined by:
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ρ=

rp
rs

= tanψai∆ = Re(ρ ) + iIm(ρ )

(1)

where rp and rs are the complex overall refection coefficients of the p- and spolarizations, respectively. The real (Re) and imaginary (Im) components of the
ellipsometric signal are related to the more traditional ellipsometric angles ψ and ∆ by
Re(ρ) = tanψcos∆ and Im(ρ) = tanψsin∆, where the angles ψ and ∆ correspond to the
ratio of attenuation of the p- and s- polarizations and the phase change between the p- and
s- polarizations, respectively.[20]
Kinetics of Preferential Adsorption Measurements. The basic protocol for the
kinetics of adsorption experiments follows that described by Toomey et al.:[9] a clean
silicon wafer with a well-defined SiO2 layer (1.5 nm thick, as measured by ellipsometry)
is mounted on a Teflon platform situated in the center of a home-built, cylindrical glass
fluid cell. The total volume of the fluid cell is 13 ml. After aligning the fluid cell so that
the laser beam impinges on the silicon wafer at its center and enters normal to the walls
of the fluid cell, the cell is filled with pure filtered toluene. The incident angle is adjusted
to the Brewster angle for the SiO2-toluene interface. This is done by adjusting in tandem
the arms of the ellipsometer so that the real component of the ellipsometric ratio is equal
to zero. At the Brewster angle ∆ = 90º. After determining the Brewster angle, the real and
imaginary components of the ellipsometric ratio are followed for 15 min to verify that no
adventitious adsorption due to contamination within the system was occurring and to
obtain the baseline for the measurements. If the signals do not change, a small volume
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(typically 1-5 ml) of toluene is removed from the fluid cell using a syringe, and replaced
with an equal volume of the previously equilibrated stock solution containing the block
copolymer in order to make a final concentration inside the fluid cell of 30 mg/l. It has
been shown[21] that for PVP-b-PS-b-PVP triblock copolymers the lower limit for micelle
formation is 0.5 wt%. The concentration used here is two orders of magnitude below this
limit. (We also have checked for the presence of micelles at this concentration using light
scattering measurements.) During each adsorption experiment the ellipsometric signals
were recorded every 5 seconds until a plateau in the signals is reached (at least 3000 s).
After an adsorption experiment is completed, the polymer-modified silicon wafer is
removed from the fluid cell, rinsed with pure toluene, and thoroughly dried with filtered
dry nitrogen. The dry layer thickness is then measured using multi-angle ellipsometry.
The experiments were conducted in duplicate to assure reproducibility.
Data Analysis. The adsorbed amount and layer thickness are determined
independently as functions of time following the analysis described by Toomey et al.[9]
The interested reader is referred to the Appendix A Supporting Information for a fuller
description. In brief, when the measurements are done at the Brewster angle, two simple
expressions that relate Re(ρ) to the zereoth moment, Γ0, and Im(ρ) to the first moment,
Γ1, of the refractive index profile are obtained, which enables the adsorbed amount, Ad
(mg/m2), and ellipsometric thickness, Helli, to be determined as functions of time:

⎛ dn ⎞
Ad = Γ 0 ⎜ ⎟
⎝ dc ⎠
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−1

(2)

⎛Γ ⎞
H elli = 2⎜⎜ 1 ⎟⎟
⎝ Γ0 ⎠

(3)

As Toomey et al. noted,[9] the refractive index increment, dn/dc, for the PS/PVP
system is almost independent of the composition of the copolymer; therefore a constant
value of 0.102 mL/g is used for all the copolymers studied. To check the validity of this
assumption, the final adsorbed amounts at the end of the kinetics experiments (from the
plateau region) are compared with the adsorbed amounts obtained from the dry layer
thickness measurements.[22] It should be noted that the ellipsometric thickness
corresponds to an average thickness, which will be equal to the overall thickness only in
the case of a perfectly homogeneous layer with a box-like density profile.[9]

2.3 Results and Discussion
The kinetics of preferential adsorption of the seven triblock copolymers onto
silicon substrates is reflected by the evolution of the adsorbed amount (Figure 2.1) and
ellipsometric thickness (Figure 2.2). To interpret the nanoscale assembly of these
materials, we analyze and discuss first the kinetics of assembly in terms of the adsorbed
amount, and then in terms of the thickness evolution. Finally, a comparison of the
preferential adsorption of a PVP-b-PS-b-PVP triblock copolymer and a corresponding
PVP-PS diblock copolymer is offered.
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Figure 2.1 Adsorbed amounts for seven triblock copolymers as a function of time. A
rapid assembly is observed at early times (fast initial regime) followed by a slower
regime as the surface becomes crowded (brush regime) and finally a plateau region is
reached. All experiments were conducted at 30 mg/l.
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Figure 2.2 Ellipsometric thicknesses as a function of time for four of the triblock
copolymers. An overshoot that corresponds to the brush regime is observed. This
overshoot may be related to surface and molecular rearrangements as the surface
becomes crowded and surface reorganization is needed in order for the triblock
copolymer to assembly both ends. All experiments were conducted at 30 mg/l.
Analysis of the Adsorbed Amount. Figure 2.1 shows that the kinetics of
assembly, based on the adsorbed amount, of PVP-b-PS-b-PVP triblock copolymers
follows the traditional two step process observed for the self-assembly of A-B diblock
copolymers.[9, 14] A fast initial adsorption occurs at early times when there is sufficient
free surface area, and therefore little interaction among tethered chains. While this regime
is often labeled as a “diffusion limited” regime, at this stage we refer to this regime more
generally as the fast initial regime. It is followed by a slower build up of the layer as the
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surface become crowded and chains start to interact and rearrange so that more chains
can be tethered to it. This second regime is referred to as the brush regime. Finally, a
plateau region is reached where further densification of the layer occurs, if at all, at a very
slow rate.
Fast Initial Regime. For the fast initial regime, assuming it is diffusion controlled,
an equation that relates the adsorbed amount as a function of time, t, has been
derived:[16]

Ad (t ) = 2C 0

Deff t

π

(4)

In this expression C0 is the concentration inside the fluid cell and Deff is an effective
diffusion coefficient for the copolymer. Many authors have used Equation 4 to describe
the fast initial regime and calculate diffusion coefficients.[11, 16, 23] However, Equation
4 is based on the following assumptions:[9] a) there are no interactions between an
incoming chain and previously attached chains, and b) every chain that approaches the
surface instantaneously attaches to it. These two conditions are unlikely to be true in a
real system; the incoming polymer must have a conformation whereby the anchoring end
units access the surface. In the case of the A-B-A triblocks, the polymer must present one
or both of the PVP blocks to the surface to tether the chain. Therefore, Equation 4
represents an ideal upper bound for the adsorption process in the absence of a convective
driving force. In order to compare the ideal behavior described by Equation 4 with the
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experimental data, a plot of log(Ad) versus log(t) is shown in Figure 2.3. It shows the
ideal preferential adsorption behavior of one triblock copolymer (T120k, 4/1 S/V),
calculated using Equation 4 and the effective diffusion coefficient measured from
dynamic light scattering (Deff = 4.5×10-7 cm2/s), and the corresponding experimental
results for three representative triblock copolymers of different S/V ratios. Two
observations can be made from this plot. First, the diffusion limited behavior embodied
by Equation 4 gives always greater adsorbed amounts, representing the upper limit for
adsorption, and the scaling Ad(t)~t1/2 is not obtained – a stronger time dependence is
observed. Second, the adsorbed amount where the data begin to deviate from the powerlaw corresponds to the point where chains start to overlap, indicating the transition to the
brush regime. These values of the adsorbed amount at overlap, Aol, are reported in Table
2.1. For all of the triblocks, the power law of the initial “fast” time dependence of the
adsorbed amount varies between 1.8 and 3.4. Although there is stronger time dependence,
the overall rate of adsorption is slower. When I initially did this work I though this
deviation from mass-transfer limited behavior may be due to desorption (rejection) or
reconfiguration of macromolecules that do not arrive at the surface in the correct
conformation, and/or the result of interaction between incoming chains and chains
already attached. Now, following studies of the effect of experimental protocol on the
early kinetics behavior, I think this is due to the effect of injecting a concentrated stock
solution to the fluid cell, as explained in Appendix A.
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Figure 2.3 Adsorbed amounts as a function of time for three representative triblock
copolymers. The solid line is the ideal diffusion controlled behavior (t½ time-dependence)
calculated using Equation 4 and the effective diffusion coefficient obtained from dynamic
light scattering measurements on the T120k (4/1 S/V) triblock copolymer. This ideal
diffusion limited behavior represents an upper limit for the adsorption process. The
stronger time dependence observed for the triblocks may be the result of interaction
between incoming chains and already attached chains, or desorption of molecules that do
not arrive at the surface in a conformation amenable for tethering through the PVP
blocks.
Brush Regime. As the surface becomes crowded and chains start to interact and
rearrange to accommodate more chains arriving at the surface, there is a transition to a
slower regime. In the case of A-B-A triblock copolymers we have two A blocks, one at
each end of the B block; therefore the brush regime for these materials is likely to involve
extensive surface or molecular rearrangements in order for an arriving chain to penetrate
the already formed layer and tether by both ends to the surface. Because of this influence
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of architecture, this regime is better understood when compared with the corresponding
brush regime for singly tethered polymers, so a more detailed discussion of this regime
will be presented later in this Chapter.
Plateau Region. After long times in the brush regime, a plateau is reached where
further densification of the layer, if any, occurs at a very slow rate. Even though much
longer time experiments would be needed to obtain true equilibrium adsorbed
amounts,[9] the adsorbed amounts from the plateau region can be used to verify the
existence of a brush structure. (And that detailed analysis of the equilibrium structure of
the looped brushes will be treated in Chapter 3.) A useful quantity to verify the existence
of a brush structure is the reduced tethering density, σ*, which is defined as the ratio of
the tethering density divided by the theoretical tethering density at overlap:

σ * = σ σ .[17] A value of σ* > 1 means that the chains are overlapping and, beyond
ol
this σ*, there are sufficient lateral interactions between chains to cause the chains to swell
away from the tethering surface,[24, 25] resulting in the brush-like structure. The
theoretical tethering density at which the chains should start overlapping, σol, can be
calculated using Equation 5:[17]

σ ol =

1
2
πR gB

(5)

In Equation 5, RgB is the radius of gyration of the buoy block, which for polystyrene in
toluene can be calculated based on the results from Higo et al., RgPS = 1.86NPS0.595. [26]
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Here NPS is the degree of polymerization of PS. The tethering density can be calculated
from the measured adsorbed amount, Ad, using Equation 6.[17]

σ=

Ad N a
M PS + M PVP

(6)

In Equation 6, Na is Avogadro’s number and MPVP, and MPS are the molecular weights of
the anchor block and the buoy block, respectively. Table 2.1 lists the adsorbed amount
obtained from the plateau region of each of the seven triblock copolymers.
In the case of doubly-bound brushes made from the end-tethering triblocks the
key issue in using Equations 5 and 6 is how to choose the molecular weights. We use an
“equivalent diblock” model in using these equations. This equivalent diblock model
assumes that each triblock adsorbs in a looped conformation and, therefore, each tethered
triblock is considered to be made of two diblock copolymers that have a PS block of onehalf the molecular weight of the PS block of the triblock copolymer and a PVP block
equal to one of the end blocks of the triblock. There is precedent for this model: Patel et
al.[27] used this model to reduce surface forces profiles of PVP-b-PS-b-PVP triblock
copolymers and showed that these scaled force profiles collapse to the master curve
formed by singly-tethered brushes made from PVP-b-PS diblock copolymers. So in
applying Equation 6 to our system, MPVP and MPS are equal to the molecular weights of
one of the end blocks and one-half of the middle block of the triblock copolymer,
respectively. Table 2.1 presents the values of σ and σol for the seven triblock copolymers
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calculated using the equivalent diblock model. Based on this model, it is seen that the
seven triblock copolymers form a brush structure, because in all cases σ* is greater than
1. This reduced surface density decreases as the styrene to vinylpyridine ratio (S/V) ratio
decreases. Evidence of loop formation will be provided in the next section.
As mentioned in the Experimental section, for comparison purposes the adsorbed
amounts also have been calculated from the dry layer thickness using Equation 7.[22]

Ad DRY

⎛M
M
= Ld (M PVP + M PS )⎜⎜ PVP + PS
ρPS
⎝ ρPVP

⎞
⎟⎟
⎠

−1

(7)

In this expression, Ld is the dry layer thickness measured with ellipsometry and ρPVP, ρPS
and MPVP, MPS are the densities and molecular weights of the PVP and PS blocks,
respectively. To enable comparison with the adsorbed amounts obtained directly from the
kinetics of assembly measurements, AdDRY is also calculated using the equivalent diblock
model. Good agreement between the adsorbed amounts calculated from dry layer
thicknesses and plateau values obtained from the kinetics experiments demonstrates the
robustness of the technique. (The measured Ld and calculated AdDRY values are presented
in Table A1 in Appendix A).
Analysis of Ellipsometric Thickness. Figure 2.2, which shows the evolution of
layer thickness as a function of time, provides more insights on the kinetics of
preferential adsorption of the triblock copolymers. As expected, as the PS block size
increases, the thickness of the looped brush also increases. No thicknesses were detected
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for the 1:1 S/V copolymers. This is because the lower limit detection for the experimental
technique is approximately 5 nm[9] and these are the least overlapped (and therefore the
least stretched) of the triblocks. As embodied by the calculated σ* values, all the
triblocks examined form an extended conformation based on the measured plateau values
of the adsorbed amounts and copolymer composition. So the fact that a thickness was not
measured for the 1:1 S/V triblocks is not because they do not form a brush structure, but
rather because of technique (thickness resolution) limitations.
From Figure 2.2 it is observed that an overshoot in thickness is present during the
early stages of assembly. This overshoot is most evident and extended in the case of the
T252k copolymer, which has the highest molecular weight and asymmetry ratio. Figure
2.4 shows a plot of the reduced tethering density, σ*, and ellipsometric thickness as
functions of time for this copolymer that clearly shows that the overshoot phenomena
corresponds to the transition to the brush regime, where the chains start to rearrange on
the surface in order to allow more chains to be added to the layer. I attribute this
overshoot to complexities in the way the polymer approaches the surface and attaches to
it, especially as the surface becomes crowded and surface reorganization and/or
molecular rearrangement is needed in order for incoming triblocks to attach by both ends
and form the looped brush.
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Figure 2.4 Thickness and reduced tethering density as functions of time for the highest
molecular weight triblock, T252k. The plot clearly shows that the overshoot in the
thickness corresponds to the transition to the brush regime, where chains start to overlap
and rearrange in order to allow more chains to self-assemble onto the surface.
Figure 2.5 shows a plot of the thickness evolution and adsorbed amount as a
function of the degree-of-overlap for the same triblock (T252k 10/1). It is seen that in the
range of σ*~2 there is a pseudo-plateau where the thickness remains nearly constant
while material continues to add to the adsorbed layer. Following this pseudo-plateau
there is a transition region, after which the thickness scales with σ1/3, which is expected
for brushes in good solvent. This figure also shows that the pseudo-plateau region
corresponds to the “weak overlap” regime, and that for all times the adsorbed amount
shows a monotonic increase with degree-of-overlap until the plateau region is reached.
The pseudo-plateau and transition regions indicate that, in terms of the thickness
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evolution, there is an extended transition from the fast initial regime (where chains are
not overlapping) to the brush regime. Interestingly, there are no corresponding signatures
for the overshoot or pseudo-plateau in the adsorbed amount traces (Figure 2.1).
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Figure 2.5 Thickness and adsorbed amount as a function of degree-of-overlap for the
T252k 10/1 copolymer. A pseudo-plateau region where the chains are weakly overlapped
and the thickness remains basically constant is observed in the ellipsometric thickness.
After the pseudo plateau and transition regions, the layer height begins to increase with a
1/3 power-law dependence on tethering density.
Comparison Between Diblock and Triblock Copolymers. It is useful to
compare the kinetics of assembly of A-B-A triblock copolymers with that of A-B diblock
copolymers to see the differences between these two systems. These differences are
evident when examining Figures 2.6 and 2.7 in which one triblock and one diblock are
compared. The triblock and diblock copolymers selected for this comparison have similar
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molecular weights and S/V ratio. First, Figure 2.6 shows that the transition from the fast
initial regime to the brush regime occurs at higher adsorbed amounts and longer times in
the case of the triblock. Also the build up of the layer after the initial fast adsorption
occurs at a slower rate in the case of the diblock. These two differences can be explained
if we consider that each self-assembled triblock contributes two tethering points (i.e. two
equivalent diblocks) to the brush structure. For diblock copolymers, it has been shown
that the assembly of the layer, once an overlapped brush is established on the surface,
follows an exponential time decay dependence:[14]

(

)[

( (

))]

Ad (t ) = Adeq − Ad* 1 − exp − k t - t * + A*d

(8)

In Equation 8, Adeq is the plateau value of the adsorbed amount, Ad* and t* are the values
of the adsorbed amount and corresponding time after which the exponential model is
valid, respectively, and k is the rate constant for this regime. Values of Ad* and t* are
reported in Table 2.1 for all copolymers studied. Figure 2.8 shows the data for the D272k
diblock and T252k triblock copolymers plotted according to Eqn. 8, from which the value
of k can be calculated from the slope of the linear portion of the plot. Equation 2.8
adequately describes the self-assembly in the brush regime of the brushes made from
diblocks and triblocks. The rate constant, k, for the triblock is greater than that of the
diblock (3.6×10-4 and 2.8×10-4 s-1, respectively), reflecting the observation that the
triblock assembles more quickly. Even though Equation 8 describes the brush regime for
both copolymers, the assembly in this regime is more complex in the case of the triblock
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copolymer. This contention is supported by the two distinct differences in the thickness
evolution as a function of time behavior seen in Figure 2.7: First, and as noted previously,
the triblocks display an overshoot in the first 2000s of assembly, which as mentioned
before can be a result of a slow surface reorganization as the assembly proceeds. Second,
the final thickness of the layer made from the triblock is approximately one-half of that of
the diblock. This suggests that the triblocks assemble mostly in a loop-like conformation.
Even though these two copolymers have slightly different molecular weights (T252k and
D272k) and S/V ratios, the significant difference in layer height observed cannot be
explained as a sole consequence of this molecular weight difference.
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Figure 2.6 Comparison of the adsorbed amount as a function of time for one triblock and
one diblock with similar molecular weights and S/V ratios. In the self-assembly of the
triblock, the transition to the brush regime occurs at a higher adsorbed amount and longer
time. Also, the build up of the layer after the fast initial regime occurs at a slower rate in
the case of the triblock. Both differences may be attributed to the triblock having two
anchor blocks.
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Figure 2.7 Comparison of the ellipsometric thickness as a function of time for one
triblock and one diblock of similar molecular weights and S/V ratio. The ellipsometric
thickness of the layer formed from the triblock is much less than that of the diblock (less
than half) and an overshoot is observed in the case of the triblock.
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Figure 2.8 Comparison of the adsorption behavior in the brush regime for one triblock
and one diblock copolymer. An exponential function describes the preferential assembly
of both the diblock and triblock copolymers, with the triblock assembling more quickly.
2.4 Conclusions

By independently measuring the adsorbed amount and ellipsometric thickness,
additional details of the molecular-level structural evolution during preferential
adsorption of triblock copolymers are revealed, providing insight into the role of
architecture on the self-assembly of the looped polymer brushes. The complexity of
tethering both ends of the chains, as compared to the singly tethered counterpart,
manifests primarily in an overshoot in the measured ellipsometric thickness, which
occurs in the transition to the brush regime. The kinetics of adsorption as expressed by
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the adsorbed amount shows no corresponding overshoot. That a preferentially adsorbed
triblock forms a layer that is approximately one-half the thickness of the corresponding
singly-tethered layer made from preferentially adsorbed diblock suggests that the PVP-bPS-b-PVP copolymers adsorb mainly in a looped configuration (tethered through both
PVP end blocks) after extensive surface and molecular rearrangements, which are likely
permitted by the slow nature of the adsorption. These experiments show that polymer
architecture impacts the adsorption behavior of preferentially adsorbed polymer
amphiphiles; the equilibrium properties of the looped brushes and a more extensive
comparison with their singly tethered counterparts will be presented in the Chapter 3.
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CHAPTER 3
FORCES OF INTERACTION BETWEEN SURFACES BEARING LOOPED
POLYMER BRUSHES IN GOOD SOLVENT
[As submitted to Soft Matter, 2008 with minor changes]

Abstract
In a previous publication it was suggested[1] that looped polymer brushes formed
by tethering chains by both ends to a surface may exhibit a polydispersity-like effect due
to a distribution of distances between tethering points. To probe this issue, the force
profiles (forces of interaction as a function of separation distance) of a series of looped
polymer brushes made by preferential adsorption of poly(2-vinylpyridine)-polystyrenepoly(2-vinylpyridine) (PVP-b-PS-b-PVP) triblock copolymers of various molecular
weight and asymmetry ratio were measured using a surface forces apparatus. The force
profiles were analyzed using an equivalent diblock model, which considers the triblock
copolymers as being comprised of two diblock copolymers of half the PS molecular
weight. While scaling the dependencies of the interaction energy and distance on
molecular weight, tethering density and segment size coalesce the measured force
profiles to the “universal profile”, it is necessary to include polydispersity in the
description of the equilibrium structure. This is done using the self-consistent field model
of Milner et al.[2], and the results provide insight into the nature of the anchor-induced
polydispersity effect that arises because the looped layers have two anchoring points.
This anchor-induced polydispersity is particularly significant at low degrees-of-

compression and for the looped brushes formed from copolymers with high PS to PVP
ratios.

3.1 Introduction

Modification of interfaces plays a key role in many important technological
applications such as stabilizing colloid particles,[3] creating non-biofouling surfaces,[4]
and compatibilizing of polymer blends,[5] to mention a few. Polymer brushes are a
special type of system where polymer chains are tethered at an interface, usually by one
end, at sufficiently high surface densities that the chains stretch away from the surface in
order to avoid lateral crowding.[6] While many research efforts have focused on polymer
brushes formed by linear chains that attach by one end, less has been done to characterize
the assembly, structure, and properties of polymer brushes formed by chains having
complex architectures. Polymers with complex architectures such as stars, combs, or
multiblock sequences are interesting because they allow physicochemical information to
be encoded differently, resulting in changes in macromolecular structure and dynamics.
Along similar lines, by controlling architecture of the chains comprising the brush, its
structure can be modified, and this in turn provides a way to tune surface properties for
desired applications.
For example Sofia et al.[7] showed that surface-tethered polymer layers made of
star-like polyethylene oxide (PEO) molecules were more effective in preventing protein
adsorption than brushes made of equivalent linear PEO chains. This was attributed to the
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fact that layers formed from the stars had a denser local structure (segment density)
compared to layers formed from linear chains of equivalent molecular weight. In another
type of application Dadmun et al.[5] showed how complex copolymer architectures
improve the interfacial adhesion in polymer blends. The improved properties were
attributed to multiple crossings between the two phases brought about by the controlled
architecture of the copolymer chains used as interfacial modifiers (pentablock and
triblock copolymers). Another property that can be impacted through chain architecture is
brush stability. By having two or more tethering points on the chains comprising the
brush, the stability of the whole structure is increased. The polymer layer may become
more robust by having multiple tethering points. (For example, the layer may be more
resistant to delamination due to shearing.) These examples show the importance of
understanding the formation, structure, and properties of polymer layers formed by
chains with complex copolymer architecture.
In Chapter 2, I reported on the kinetics of assembly of poly(2-vinylpyridine)polystyrene-poly(2-vinylpyridine) (PVP-b-PS-b-PVP) triblock copolymers adsorbed
from toluene onto a silicon surface using in-situ phase modulated ellipsometry.[8] The
results show that a single layer of looped polymer brushes are formed when the self
assembly occurs from dilute solution using a solvent that is selective for the center block.
We also have previously proposed that the looped polymer brushes formed by
preferential adsorption of these PVP-b-PS-b-PVP triblock copolymers inherit, in addition
to the polydispersity that arises from the molecular weight distribution, a polydispersitylike effect due to a distribution of distances between tethering points. This manifests as a
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long exponential tail in the segment density profile, as shown by NR measurements.[1] In
this paper, via surface forces measurements, we systematically investigate the effect of
molecular weight and asymmetry of chains on the force profiles – that is, the forces of
interaction as a function of surface separation distance – between two surfaces bearing
looped polymer brushes made of PVP-b-PS-b-PVP triblock copolymers in toluene, a
solvent that is selective for the center PS block. Based on these measurements and by
applying treatments based on mean-field and self-consistent field descriptions of polymer
brushes we quantify the polydispersity-like effect suggested by neutron reflectivity
experiments.

3.2 Experimental
Materials. Appendix A gives details of the synthesis and rigorous molecular
characterization of the triblock copolymers used in this study.[8] A few poly(2vinylpiridine)-polystyrene (PVP-b-PS) diblock copolymers, also anionically synthesized,
were also studied for comparison purposes. Table 3.1 gives the molecular characteristics
of the triblock and diblock copolymers. Throughout this chapter I designate the triblock
and diblock materials with the letter T and D, respectively, followed by total molecular
weight, in thousands.
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Sample
T252
T136
T170
T120
T98
D279
D112
D160
D122

Total Mn
252000
136000
170000
120000
98000
279000
112000
160000
122000

PDI b
1.1
1.2
1.2
1.2
1.3
1.06
1.04
1.08
1.1

S/V
10:1
10:1
4:1
4:1
1:1
11:1
8:1
2:1
1:1

NPSa
2040
1100
1210
857
438
2453
962
962
548

NPVP
218
118
324
229
467
227
114
571
619

Table 3.1 Molecular Characteristics of Triblock and Diblock Copolymers Used
a
Styrene-d8 was used in the syntheses of the triblock materials.
b
Mn, Mw and PDI values were determined based on SEC measurements.

Surface Forces Measurements. An Israelachvili Mark-II surface forces
apparatus is used here to measure normal force profiles between two opposing brushes
immersed in toluene. Details on the apparatus and the protocols used for the experiments
have been described extensively elsewhere.[9-13] Briefly, pairs of mica sheets
(nominally 1×1 cm) are cut using a heated platinum wire from freshly cleaved mica
surfaces (2 – 4 microns thick) according to procedures described by Alcantar et al.[14]
and placed on a freshly cleaved, clean backing sheet. The mica used is Grade No. 2
Muscovite Ruby mica obtained from S&J Trading Inc. (New York). A silver layer 45-50
nm thick is then deposited under vacuum onto the backing sheet, which results in the
exposed side of the cut mica coupons on the backing sheet being silvered. A pair of mica
coupons is then glued, silver side down, onto two clean, cylindrically curved quartz disks.
The disks with the mica surfaces are then mounted in the SFA in a cross-cylinder
configuration and the apparatus sealed. All preparations and installation of the mica
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surfaces are done in a laminar flow cabinet. Following purging of the sealed SFA with
dry nitrogen, the cleanliness of the mica sheets is verified by ensuring that the pristine
mica surfaces “snap” into adhesive contact when brought into close proximity.[14]
At the beginning of an experiment the surfaces are brought into contact and the
thickness of the mica sheets is measured using the fringes of equal chromatic order
(FECO) interferometric technique.[15] Bringing the surfaces into adhesive contact also
sets the reference position for zero separation distance, and allows for detection of
contamination, which would be evidenced by distortions in the shape of the fringes.[14]
The surfaces are then separated a few hundreds nanometers and the SFA is filled with
pure HPLC grade toluene (Sigma-Aldrich) filtered through a 0.22 µm PTFE filter
(Millipore). A small volume (2 ml) of solvent is then withdrawn and replaced with an
equal volume of a previously equilibrated stock solution in order to make the final
polymer concentration nominally 30 mg/l. After this injection is made the surfaces are
separated to approximately 3 mm, as observed visually, and at least 12 hours are allowed
for preferential adsorption and equilibration of the system. This concentration is expected
to be below the critical micelle concentration for the copolymers.[8, 16, 17] Throughout
all of these steps, the SFA is maintained at 32 ± 0.1 °C. In all cases, multiple expansion
and compression cycles are recorded, and repeat experiments are carried out.
Dry Layer Measurements. After measuring the force profiles in toluene, the
solvent is drained from the apparatus, the surfaces are separated to a few mm, and a slight
flow of pure, dry nitrogen gas is passed trough the main chamber for at least 12 hours to
dry the surfaces. Then the surfaces are brought into contact to the point where the FECO
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fringes flatten and the thickness of the two dried layers is measured. The dry layer
thickness allows the surface density of adsorbed chains to be calculated.[13]

3.3 Results and Discussion
Force Profiles. Figure 3.1 shows the forces of interaction as a function of
separation distance, the so-called force profiles, for the five triblock copolymers studied.
The curves are made of successive compression and expansion cycles. No differences
were observed between successive compression-expansion cycles for any of the brushes
examined or when the force profiles are re-measured after the dilute solution that exists in
the chamber after self-assembly is replaced with pure solvent. Repeat experiments were
also conducted to verify the range, shape, and character of the force profiles. In all cases
the forces of interaction are monotonically repulsive, and the onset of repulsion (where
the forces become measurably different than zero), which represents two times the
swollen thickness of the brush, increases with increasing PS molecular weight. The fact
that the forces are repulsive and that the compression-expansion cycle curves are
identical confirms the formation of a looped polymer brush with no dangling, singlyattached chains. This is different from what has been reported previously in the literature
for a non-amphiphilic system: force profiles measured after adsorption and equilibration
of PEO-b-PS-b-PEO triblock copolymers onto mica from toluene produced attractive
regions in the force profiles due to the so-called “bridging” effect.[18-21]. Bridging arises
when loose chain ends reach across the brush-brush interface and attach on the opposing
surface creating a bridge. Our system is different than those for which this effect has been
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reported because in our system the anchoring PVP blocks are not only in a poor solvent
condition, but they also have strong affinity for the mica surface.

10000

8000

T252 (S/V=10/1) PS = 229k
T136 (S/V = 10/1) PS = 124k
T170 (S/V = 4/1) PS = 136k
T120 (S/V = 4/1) PS = 96k
T98k (S/V = 1/1) PS = 49k

-1

F R /µN m
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Figure 3.1 Forces of interaction as function of separation distance for the triblock
copolymers in toluene at 32 °C. The forces are repulsive and the onset of interaction
(where the forces becomes different from zero), which represents twice the thickness of
the uncompressed brush, increases with PS molecular weight. Each force curve consists
of results from multiple compression and expansion cycles.
Swollen Thickness. The distance where the forces of interaction become different
from zero is routinely taken to be equivalent to two times the swollen thickness of a
brush. Table 3.2 reports these swollen thicknesses values extracted from the profiles,
LSFA.
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σ×102 a

ID

Rga
(Å)

LSFAb
(Å)

LNRc
(Å)

LTHEOa
(Å)

LSFA/Rg

LDRY
(nm)

(chains/
nm2)

T252

115

660

550

549

5.74

3.80

T136

80

485

400

374

6.09

T170

84

512

480

367

T120

68

397

400

T98

46

185

-

σol×102 a
(chains/
nm2)

σ*a,d

εa

PDIAPP

2.04

0.241

8.47

179

1.04

4.08

4.06

0.502

8.09

129

1.04

6.08

3.63

2.91

0.448

6.48

74

1.20

291

5.80

3.60

4.08

0.679

6.02
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1.25

146

4.03

2.77

3.90

1.511

2.58

17

1.30

Table 3.2 Experimental and Calculated Quantities for the Triblock Copolymers Studied.
a

Calculated based on the equivalent diblock model for the triblock copolymers. The triblock is treated
as being comprised of two diblock copolymers having one-half the molecular weight of the triblock.
b

Taken as one-half of distance at which repulsive forces are detected.

c

Layer height estimated from the density profiles obtained by neutron reflectivity.[1]

d

A value of σ* greater than 1 means the chains are overlapped and therefore stretch to form a brush.

As shown in Table 3.2, these thicknesses compare favorably to brush heights
extracted from neutron reflectivity experiments.[1] The equilibrium height of a looped
polymer brush in good solvent is expected to be equivalent to that of a brush made from
preferential adsorption of a diblock copolymer having the same areal density but one-half
the molecular weight of the solvated block of the triblock copolymer.[22] Equation 1 is
an explicit expression for the swollen equilibrium height of a brush, LTHEO, derived by
Watanabe et al.[23, 24] by minimizing an expression for the total free energy of the
brush. This expression also takes into account the difference in correlation lengths
between tethered chains of a brush and free chains in solution at the same concentration,
as described by Watanabe et al.[24]

LTHEO = Qb a

1 υ
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σ

(1−υ )

2υ N

(1)

where
Qb =

2

(υ −1)

υ

(3υ − 1)K π

π (4υ − 1)B

(1+υ )

(2)

υ

and

⎡ 3(3υ − 1)K π ⎤
B=⎢ 2
⎥
⎣ 2π (4υ − 1) ⎦

In these expressions, a ≈

1

4

(3)

6b , b is the segment size (for PS in toluene b = 1.86)[25], σ is

the grafting density, N is the degree of polymerization of the tethered chain dangling
from the surface, υ is the exponent in the scaling relation between the radius of gyration,
Rg, and N : Rg = bNυ. For PS in toluene υ = 0.595.[25] Kπ is a constant in the empirical
power-law model that describes how the osmotic pressure varies with concentration in
the semi-dilute regime, which applies to polymer brushes. For PS in toluene, Kπ =
2.2.[26]
Using these expressions we can compare the experimentally obtained swollen
thickness for the triblock copolymers, LSFA, to those of brushes made from the equivalent
diblock copolymers. This comparison is also presented in Table 3.2, and while in all
cases the thicknesses obtained from experiment are larger than those predicted by the
mean-field theoretical treatment, overall the values compare well. The likely reason for
the discrepancy is because the model is based on a step-like density profile, so it is not
unexpected that the predicted values calculated using Equation 1 are smaller than the
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measured ones. The theoretically predicted ratio of the heights of two brushes having the
same tethering density but differing in shape, with one being step-like and the other
parabolic[27] is 3/4 (step-like to parabolic). This calculated result is close to the values of
LTHEO /LSFA obtained for the triblock materials, which are in the range 0.71-0.83. We do
not expect complete agreement between the predicted and measured LTHEO /LSFA ratios
because, as mentioned before and shown by NR measurements, the density profiles of the
looped brushes are not exactly parabolic and the calculations do not consider any
contribution to the overall thickness from the anchor layer, which could be partially
swollen.[28] The contribution ascribed to swelling of the PVP anchoring layer would
increase as the molecular weight of the PVP block increases; this is consistent with the
trend observed in the data.
Another possibility for the discrepancy is the effect of chain architecture itself.
We have suggested, based on neutron reflectivity measurements, that a polydispersitylike effect may be introduced in looped polymer brushes having two tethering points.[1]
This effect arises because a looped layer will have a distribution of distances between
tethering points, an effect that would seem to be exclusive to brushes anchored by more
than one tethering point, such as this triblock copolymer system. This distribution of
distances can be expected to vary as the size of the selectively solvated center block
increases. One may hypothesize that as the size of the center block increases, the
probability of the end blocks (more specifically, tethering points) being in close
proximity when the copolymer is preferentially adsorbed decreases. Consequently, these
layers would display a broader distribution of tethering distances as compared to layers
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formed from end-anchoring chains having a shorter center block. This anchor-induced,
polydisperisty-like effect will be discussed further when we analyze the force profiles in
light of the self consistent field model of Milner et al.,[2] which allows polydispersity to
be taken into account.
Tethering Densities. As mentioned in the experimental section, after measuring
the force profiles, the dry layer thickness is measured. These values are reported in Table
3.2 and they are, within experimental error, in agreement with the values we previously
obtained using ellipsometry and x-ray reflectometry for these preferentially adsorbed
polymers.[1, 8] Equation 4 allows the amount of polymer adsorbed on the surface, Ad, to
be calculated from these dry layer thicknesses. The calculated Ad values assume that the
chains of the previously swollen brush collapse into a uniform layer when dried. We have
performed AFM measurements on the dry surface (images not shown) and the interfacial
topology is very smooth, suggesting that this is a reasonable assumption for these
materials.

Ad = Ld (M PVP

⎛M
M
+ M PS )⎜⎜ PVP + PS
ρ PS
⎝ ρ PVP

⎞
⎟⎟
⎠

−1

(4)

In this expression Ld is the dry layer thickness and ρPVP, ρPS and MPVP, MPS are the
densities and molecular weights of the PVP block and PS block, respectively. In this
section, the looped layers formed by preferential adsorption of the triblocks are treated
based on their equivalent diblock copolymer. That is, the molecular weights and degree
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of polymerizations of the solvated, center blocks are taken as one-half of those reported
in Table 3.1 and each chain is viewed as being anchored to the surface by one PVP block.
Two meaningful quantities based on this representation that can be easily calculated from
the adsorbed amounts are the grafting density, σ, and the reduced grafting density. The
grafting density is the number of chains per unit area (in this case equivalent diblocks),
and is given by the following formula:[28]

σ =

Ad N A
M PS + M PVP

(5)

Here Ad is the adsorbed amount NA is Avogadro’s number and MPVP, MPS are the
molecular weights of the PVP and PS blocks, respectively, using the equivalent diblock
model. As shown in Equation 6, the reduced grafting density, σ*, is defined as the ratio
of the grafting density to the grafting density at which the chains should overlap:

σ* =

σ
σ ol

σol is calculated based on the radius of gyration of the solvated block, σ ol

(6)

= 1 πR

2
gPS

.

Higo et al. [25] have determined the radius of gyration for polystyrene as
0.595
R gPS = 1.86 N PS
.
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It is well-established[28] that for brushes made by preferential adsorption of
diblock copolymers, σ* is mainly a function of the asymmetry ratio, which is defined as
the ratio of project areas of the solvated and anchor blocks and given by Equation 7 for
the PS/PVP system in toluene.[28]

ε=

2
R gPS
2
R gPVP

6

=

N PS5
2

(7)

3
N PVP

The values of σ, σol, σ* and ε for all the triblock copolymers studied are reported in
Table 3.2. Figure 3.2 is a plot of the reduced surface density as a function of the
asymmetry ratio for the triblock copolymers. Here too we have based the calculated
asymmetry factors on the equivalent diblock model. For comparison purposes, in Figure
3.2 we have also included four points resulting from ellipsometric dry layer
measurements obtained from the diblock copolymers presented in Table 3.1, with σ* and

ε also calculated using Equations 6 and 7. It can be seen that the triblocks follow the
same dependence of reduced surface density with asymmetry factor reported for brushes
based on diblocks[28] when those brushes made from loop-forming triblocks are based
on their equivalent diblock, suggesting that the looped brushes formed from endanchoring triblock copolymers have average properties well-described by their equivalent
diblock system.
A way to quantify the degree-of-stretching of a polymer brush is with the ratio of
the swollen thickness to the radius of gyration of the buoy block of the polymer in dilute
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solution. It has been shown that brushes formed by preferential adsorption from a
selective solvent stretch a few times their Rg in solution.[23] As can be seen from the
LSFA/Rg values reported in Table 3.2, the chains of the looped brushes are stretched a few
times the solvated size of their equivalent diblock Rg, and these ratios are very consistent
for the first four copolymers having S/V ratios of 10/1 and 4/1, but slightly lower for the
copolymer having 1/1 S/V ratio. This behavior reflects the general trend that higher
values of σ* lead to greater degrees-of-stretching.

10

σ*

Triblock Copolymers
Diblock Copolymers

1
10

100

ε

Figure 3.2 Reduced grating density, σ*, as function of asymmetry factor, ε, calculated
based on the equivalent diblock. It has been shown[28] that for diblock copolymers, the
reduced grafting density, a measure of the degree of chain crowding, is mainly a function
of the asymmetry factor. Here the same dependency is found for brushes made from endtethering triblock copolymers when they are analyzed as equivalent diblock copolymers.
The calculations are based on results from ellipsometric measurements of the dried
layers.
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Universal Behavior. Patel et al.[29] developed a scaling model based on mean
field arguments that describes how the forces of interaction between surfaces bearing
singly attached polymer brushes depends on surface separation distance. The model,
known as the PTH model, was recast by Watanabe and Tirrell in a form suitable for
comparison with SFA data.[30] Their mean-field model conceives that the equilibrium
structure of the brush is determined by two contributions to the total free energy – namely
the osmotic pressure inside the brush, which tends to swell it, and the elastic energy of
the chains, which tends to resist the swelling (entropic spring). This total free energy can
be related to the measured forces of interaction using the Derjaguin approximation, which
relates the force, normalized by the radius of curvature of the underlying surface (force
per unit length), to the interaction energy per unit area.[31] Following the analysis of
Watanabe and Tirrell two dimensionless variables, Γ and ζ are defined:[30] Γ is the
interaction energy per unit area, which is proportional to F(D)/R,[29] between the
opposing brushes normalized by the free energy per unit area of the uncompressed brush;

ζ, a reduced distance, results from normalizing the measured D by twice the thickness of
the uncompressed brush:[23]

(F / R )

Γ=
k B Tσ

(2υ +1)

1
2υ b υ N
PS
PS

D − 2 L0PVP

ζ=
2σ

(1−υ )

1

2υ b υ N
PS
PS
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(8)

(9)

In Equations 8 and 9 kBT is the thermal energy and the contribution of the thickness of the
PVP block, L0PVP , is subtracted from the total separation distance, D. This correction is
based on the total dry layer measurement and the relative amount of PVP in the layer.[23]
(All other variables have been defined previously.) Equations 10-13 show the expression
for the reduced force, Γ, as function of the reduced distance, ζ, resulting from the PTH
model.

(4υ −1)
⎧⎪⎡ −1(3ζ −1) ⎤
⎪
−1 ⎡
(3υ −1) − 1⎤ ⎫
Γ = X ⎨⎢Yζ
− 1⎥ + (4υ − 1) ⎢Zζ
⎥⎬
⎪⎩⎣
⎦
⎣
⎦ ⎪⎭

X = 4π ⎡(4υ − 1) ⎤
4 ⎥⎦
⎢⎣

1

4υ

(4υ −1)

[(3υ − 1)K π ]

[4(3υ − 1)K π ]
⎫
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[(4υ − 1)]⎬⎭
⎩
[4(3υ − 1)K π ]
⎫
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⎩
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4υ ⎛
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⎝
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4υ

(1−υ )

⎞
3β ⎟⎠

1
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(11)

2υ (3υ −1)

⎞⎟
⎛⎜ 4π
⎝ 3β ⎠

− (1−υ )(4υ −1)

(12)

2υ (3υ −1)

(13)

Here β accounts for the difference between the osmotic pressure inside the brush and that
of a semidilute solution at the same concentration, which arises because the correlation
lengths of brushes and coils in free solution at the same concentration are different. The
value of β can be calculated explicitly:

β = 0.58 for υ = 0.595.[24] The major

assumption in the PTH model embodied by Equation 10 is that it uses the step-like
Alexander-de Gennes model[32-34] to describe the segment density profile of the brush.
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It has been shown theoretically and experimentally that the segment density profile is
parabolic in the limit of highly stretched brushes,[2, 35] and decays more rapidly in the
case of moderately stretched brushes.[36-38] Even with the assumption of a step-like
profile, it has been shown that scaling the measured forces of interaction and distance
according to Equations 8 and 9 coalesces the force profiles into a single master curve.[30]
Figure 3.3 shows a double logarithmic plot of the reduced force, Γ, and reduced distance,

ζ, for the triblock copolymers where the data have been scaled based on the equivalent
diblock model. As can be seen in the figure, the data obtained from experimental
measurements of the looped brushes collapse onto the universal profile generated for
singly-tethered chains, such as those made from preferentially adsorbed diblock
copolymers.

66

2

T252 (eq diblock)
T136 (eq diblock)
T170 (eq diblock)
T120 (eq diblock)
T98 (eq diblock)
PTH Model

log Γ

1

0

-1
0.00

0.25

0.50

0.75

1.00

log ζ

Figure 3.3 Universal profile for the PVP-b-PS-b-PVP triblock copolymers in toluene at
32 °C. The force and distance are normalized according to the PTH model to scale the
dependence on molecular weight and grafting density. The solid line represents the
reduced force as a function of reduced distance based on a step-like segment density
profile. The agreement between theory and data is better at mid- to high-compressions,
where squeezing produces a uniform segment density profile.
The solid line shown in Figure 3.3 represents the theoretical model obtained using
Equations 10-13. As expected, the agreement between the model and the experimental
results is better at medium and high degrees-of-compression, where the segment density
profile is homogenized by the compression, but there is a significant discrepancy at low
compressions, similar to that reported for diblock copolymers.[30] We have shown that
for triblock copolymers in good solvent the density profile is composed of an inner
parabolic region and a long exponential tail[1], so we expect that the PTH model will
capture the general features of the force profile, but more discrepancy is expected at low
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compressions. We believe that this discrepancy may be caused by the specific shape of
the density profiles of looped polymer brushes; the looped brushes display a significant
“tail” region, related to a polydispersity-like effect brought about due to the distribution
of distances between tethering points of the looped chains.[1] Thus, while these results
suggest that the equivalent diblock model for triblock copolymers in good solvent
represents the force profiles of the looped brushes reasonably well, a more realistic model
that accounts for the detailed shape (rather than the average structure) and takes into
account polydispersity is appropriate.
It has been shown that better agreement between experimental results and
theoretical predictions is obtained when the more realistic MWC model is used,
especially at low levels of compression. This model also makes it possible to account for
the effect of polydispersity on the forces of interaction between the opposing brushes.
Milner showed that even a polydispersity as low as 1.02 can increase the uncompressed
height of the brush by as high as 10%,[27] and when the polydispersity of the brush is
taken into account, excellent agreement between results from self-consistent field theory
and experiment is obtained. Because of this, the MWC model is an ideal framework for
investigating how this additional polydispersity-like effect impacts the force profiles of
the looped brushes. This is the main focus of the next section.
Comparison with MWC Model. In the MWC model, the free energy per unit
area of a monodisperse brush is given by Equation 14:[2, 27]

( 9 ) f ⎛⎜⎝ 1u + u

f = 5

0
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2

−u

5

⎞
5 ⎟⎠

(14)

Here u is defined as the degree of compression of the brush, calculated as the thickness of
compressed brush divided by that of the uncompressed brush, u = h/ho, and fo is the free
energy per unit area of the uncompressed brush. The values for ho and fo are given by:[2]

(

ho = 12 / π 2

)

1

3

Nσ

1

1 −1
3ω 3 v 3

( 10)h

f0 = 9

−1 2 2
o N σ ω

(15)
(16)

The only additional parameters that have not been defined and calculated are ω and v;

ω is the excluded volume parameter and v is related to the statistical segment size, b,
through 3/v=b2.[27] From scaling arguments, ω should be independent of molecular
weight and can be calculated from the osmotic pressure:[27]

( )

Π (Φ ) = 1 ωΦ 2
2

(17)

Here Φ is the concentration (monomers per unit volume) inside the brush. The parameter
v will change with molecular weight and concentration and is given by:[27]

Re2 = 6 R g2 (c ) = 3 N
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v

(18)

where Re and Rg(c) are the end-to-end distance and the radius-of-gyration at the average
concentration, c, inside the brush, respectively. Using Equation 17 and the empirical
model represented by Equation 19, which was derived by Noda et al.[26] to describe how
the osmotic pressure of semidilute PS/toluene solutions vary with concentration, the
parameter ω is readily available.

1

ΠM
⎛ c ⎞ (3υ −1)
= KΠ ⎜ * ⎟
ck B TN A
⎝c ⎠

for c* < c < 0.15 g cm-3

(19)

In this model equation M is the molecular weight, NA is Avogadro’s number, c* is the
overlap concentration, c* =3M/4πNARg3, Rg is the radius of gyration in dilute solution,
and c is the average concentration inside the brush. In using Equations 17 and 19, the
average concentration is estimated from the measured adsorbed amount for each polymer
and the brush height measured by SFA. Based on this and again employing the equivalent
diblock model of the looped brush, an average value of ω = 37 Å3 (ω1/3 = 3.3 Å) is
calculated and used for all of the PS brushes formed from the copolymers. To calculate
the Rg(c) for each copolymer, the following empirical equation is used, which relates the
radius of gyration in the dilute region to that in the semi dilute region:[39]

R g2 (c )

= K R ⎛⎜ c * ⎞⎟
R g2
⎝ c ⎠
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− (2υ −1)(3υ −1)

(20)

A value of KR = 1.1 has been experimentally determined for polystyrene in the good
solvent toluene,[40] and all other variables have been defined previously. Combining
Equation 20 with Equation 18 allows v to be calculated for each equivalent PS chain
having the same degree of polymerization of the equivalent diblock.
Armed now with the values of ω and v for this system, Equations 14-16 and the
Derjaguin approximation, which relates the energy of interaction to the measured F(D)/R,
can be used to explicitly calculate the work (per unit area) done to compress the layer
from ho to h:[27]

F (D ) = 4π ( f (h ) − f (h ))
0
R

(21)

In using Equation 21 ho has to be multiplied by 2 because there is a brush on each of the
two opposing surfaces. Here h equals the measured separation distance D between the
surfaces of the compressed brush. However, polydispersity has not yet been taken into
account.
Milner derived an expression for the correction of the thickness of the
uncompressed brush, ho, due to the effect of polydispersity,

PDI, of the chains

comprising the brush:[27]

⎛
3(PDI − 1)
h0 (PDI ) = h0 ⎜⎜1 +
2
⎝
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⎞
⎟⎟
⎠

(22)

This expression for ho, can be substituted into Equation 21 to compute how the forces of
interaction, F(D)/R vary as a function of D (or h) for a polydisperse brush, and these
predictions can be directly compared with experimental results. Figure 3.4 shows a semilogarithmic plot of F(D)/R versus D for all the triblock copolymers along with curves
(dashed lines) representing the profiles predicted using Equation 21.
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Figure 3.4 Semi-logarithmic plot of the force-distance profiles compared with
predictions from the self-consistent field model of Milner et al.[2] The dashed lines have
been calculated using Equation 21 using polydispersity as the only adjustable parameter.
The agreement between theoretical predictions and experimental results is excellent over
the entire profile.
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In this figure, the model predictions include a correction to account for
polydispersity; however, an apparent polydispersity index, PDIAPP, has been used as an
adjustable parameter to enforce agreement between the experimental results and model
curves. These PDIAPP values are reported in Table 3.2. It is interesting to note that good
agreement between the scaled force profiles and theoretical predictions could be achieved
for the layers made from the 4/1 and 1/1 copolymers when polydispersities similar to
those determined based on the molecular weight distribution are used. However, for the
most asymmetric copolymers (those having a S/V ratio of 10/1), agreement was achieved
only when a much lower PDIAPP was used. A plot showing the fits to a pair of profiles
using the polydispersity from molecular weight distribution, no polydispersity, and the
apparent polydispersity is presented as Figure 3.5. It is worth emphasizing that in
producing the curves based on the MWC model, the only parameter that is allowed to
change is the PDI. All other parameters are independently determined and fixed as
previously described.

73
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Figure 3.5 Semi-logarithmic plot of the force-distance profiles of the highest, T252, and
lowest, T98, molecular weight triblock copolymers. The solid lines are the predictions
assuming that the brush chains are monodisperse, the dash-dot lines are predictions using
the polydispersity determined from the molecular weight distribution measured using
SEC, and the dashed lines are fits where the PDI has been allowed to vary to take into
account the polydispersity-like effect of a distribution of distances between tethering
points on the chains comprising the brush. For the T252 copolymer, which has the
highest molecular weight and PS/PVP ratio, the PDIAPP is smaller than the PDI from the
distribution of molecular weight. On the other hand, for the T98 copolymer, which has
the smallest molecular weight and PS/PVP ratio, the prediction using the PDI from the
molecular weight distribution is sufficient to give good agreement.
To account for these differences between the PDI obtained from the molecular
weight distribution and the PDIAPP values, we revisit the influence of anchoring the
looped brushes by their two ends. It can be speculated that as the PS size increases
relative to the PVP size (i.e. as S/V increases) the probability of chain ends being in close
proximity on the surface decreases. Here close proximity refers to the idea that the two
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ends that anchor the well-solvated block of a loop-forming chain are further apart than
what would result if the equivalent PVP-PS diblock copolymers were preferentially
adsorbed under the same conditions. This increase in the average distance between
tethering points results in a lower uncompressed brush thickness, which runs counter to
how polydispersity affects layer height. (Recall that per Eqn 22, polydispersity acts to
increase brush height.) Thus, in these doubly-bound systems there is a trade-off in terms
of how the two types of polydispersity impact layer height: On one hand the
polydispersity due to molecular weight distribution tends to increase layer height,[27] but
“polydispersity” due to anchoring by both ends tends to decrease the layer height. In the
limit of the two anchoring blocks being very far apart, the nonadsorbed block would have
no height. As the molecular weight of the middle PS block decreases relative to the end
blocks (e.g., the S/V = 1/1 and 4/1 samples), the probability of having the two PVP ends
close together increases, and in these cases there is basically no difference between the
apparent PDI and the PDI due to molecular weight distribution. (Only a small difference
in the numerical values, as gleaned from the PDI and PDIAPP values given in Tables 3.1
and 3.2.) These results suggest that while there seems to be a general effect on the
structure of the layer due to the triblock architecture as expressed in the characteristic
density profile – specifically an inner region described by a parabolic function with an
exteneded, long tail described by an exponential decay – the contribution due to anchor
induced polydispersity is important for only for those copolymers with high asymmetry
in their blocks molecular weights. An alternative way of thinking about the findings from
the analysis is that the difference between the profiles predicted with the PDI and PDIAPP
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values captures some measure of the constraint of layer stretching owed to anchoring in a
looped configuration.

3.4 Summary and Conclusions

The forces of interaction between opposing looped polymer brushes formed by
preferential adsorption of PVP-b-PS-b-PVP triblock copolymers in toluene have been
measured using the surface forces apparatus (SFA) and rigorously analyzed in light of
mean-field and self-consistent field models of brush structure. A better understanding of
how anchoring brush chains by multiple points impacts structure and swelling is gained
by analyzing and comparing the measured force profiles in light of the self consistent
field model of Milner et al. Even though there is an impact on the layer structure due to
the triblock architecture expressed in a characteristic volume fraction profile, its impact
on the force profiles becomes important only as the size of the center block increases
relative to the size of the end block (molecular asymmetry). For triblock copolymers with
small to moderate PS/PVP ratios there is no additional contribution from this effect on
the force profiles. On the other hand, for triblock copolymers with larger PS/PVP ratios,
the polydispersity-like effect from chain architecture has the opposite effect on the range
of forces as compared to the effect of polydispersity due to molecular weight distribution,
decreasing the range at which the forces of interaction become non-zero (or swollen
thickness) as compared to a monodispered brush. Besides contributing a deeper
understanding of the structure and properties of polymer layers formed by complex
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copolymer architectures, these results, which focus on the structure of the polymer brush
at its outer periphery, are important for the many applications where polymers are used to
modify the properties and interactions between surfaces.
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CHAPTER 4
KINETICS OF PREFERENTIAL ADSORPTION OF AMPHIPHILIC STAR BLOCK
COPOLYMERS THAT TETHER BY THEIR CORONA BLOCKS AT THE SOLIDFLUID INTERFACE

Abstract
The kinetics of preferential adsorption of a series of amphiphilic star block
copolymers having cores made of polystyrene, PS, and coronas made of poly(2vinylpyridine), PVP, have been studied using phase modulated ellipsometry. The stars
have, on average, either 26 or 40 PS-b-PVP diblock copolymer arms with PS/PVP ratios
of 1/1, 5/1, or 9/1. Preferential adsorption from dilute toluene solutions onto silicon
surfaces tethers these complex, branched star copolymers through their PVP blocks,
yielding an interfacial structure resembling a dome. The kinetics of self-assembly is
concentration dependent, following a continuous process consisting of two distinct
regimes: an initial rapid adsorption followed by a transition to a slower regime. For all
PS/PVP ratios studied, star copolymers having 40 arms exhibit greater final adsorbed
amounts compared to those having 26 arms. A model that considers diffusion of
molecules to the surface as well as surface events (surface diffusion and rearrangements)
is used to describe the adsorption process. In general, while both processes are necessary
to describe the kinetics of preferential adsorption of these materials, surface events
dominate for the two stars having the largest size and number of arms. It is also found
that star block copolymers having symmetric arms (PS/PVP = 1/1) approach equilibrium

in agreement with a random sequential adsorption (RSA) model kinetics and attain final
adsorbed amounts that are close to those predicted for RSA processes. In contrast, the
asymmetric stars having PS/PVP = 9/1 and 5/1 are able to rearrange on the surface,
reaching final adsorbed amounts that are greater than those predicted for RSA processes,
suggesting rearrangement of molecules and possible stretching due to confinement on the
surface. The results reported here increase our understanding of how composition and
connectivity of highly branched materials impacts their assembly and interfacial
structure.

4.1 Introduction

Understanding how polymers attach and self-organize at surfaces and interfaces is
a problem relevant to surface science, biology, and polymer physics. Different structures
can be formed depending on the chemical composition and architecture of the polymers
used. Most of the research efforts in the study of polymers at surfaces and interfaces have
focused on linear polymers attached to a surface by one end – so-called “polymer
brushes”. While these systems are very well understood,[1, 2] much less effort has been
devoted to the study of structures made from more complex copolymer architectures such
as combs, stars, and mikto-arm (mixed arm) copolymers.[3, 4] Layer characteristics such
as grafting density, layer height, density profile, and layer stability can be influenced by
polymer architecture, making it a useful parameter for tuning the properties of a surface,
and ultimately creating engineered surfaces with specific characteristics.
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Most of the literature on polymer brushes has focused on equilibrium
characteristics,[2, 5-14] with less focus on the kinetics of film formation.[4, 15-18] In
creating engineered surfaces with desired properties and characteristics, not only the
initial building blocks and final equilibrium structure is important, but a detailed
understanding of the formation of the interfacial layer is needed.[19] By understanding
the kinetics of self-assembly and effects of chain architecture, new possibilities for
manipulating film structure and properties arise. For example it would be possible to
create multicomponent brushes consisting of different polymers (mixed brushes),
different architectures, or different molecular weights. A detailed knowledge of the
kinetics of film formation of the different species would allow surface properties such as
wettability (surface energy), friction, surface density or spatial arrangement of functional
groups or species on the surface, to mention a few examples, to be controlled precisely.
Polymers at surfaces and interfaces find application in different technologies
ranging from stabilization of colloid particles,[20] compatibilization of polymer
blends,[21]

biocompatibilization of surfaces,[22] and creation of smart, responsive

surfaces[19, 23], to mention a few. One convenient method to create and study such
structures is by self-assembly of amphiphilic block copolymers from a selective solvent.
Here one block (the insoluble one) tethers the other (the soluble one) to a surface, driven
by its desire to remove itself from contact with the solvent. One advantage of the selfassembly methodology is that the polymers used are well characterized before creating
the film, allowing the effect of molecular weight, composition, and architecture on brush
formation to be studied in detail.
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In this Chapter, I investigate the kinetics of assembly of a series of highly
branched amphiphilic star block copolymers, having arms comprised of polystyreneblock-poly(2-vinylpyridine) (star-PS-b-PVP), preferentially adsorbed from toluene onto a
silicon surface. The copolymers have been synthesized such that the star has a PS core
and a corona made of PVP. With this connectivity and block sequence it is expected that
the PS-b-PVP stars will attach by their corona, forming octopus-like structures bound by
multiple tethering points (multiply bound polymer chains). To the best of my knowledge
this is the first systematic study of adsorption kinetics using star copolymers that attach
by their corona blocks. Here I focus specifically on how the molecular weight ratio of the
block copolymers, adsorption concentration, and the number of arms affect the kinetics of
assembly and resulting layer structure.

4.2 Experimental

Materials. A series of star-PS-b-PVP block copolymers were rigorously
synthesized via anionic polymerization at the University of Tennessee. Details of the
synthesis and characterization have been reported previously.[24] The number of arms
and the ratio of styrene to vinylpyridine (S/V) were systematically varied to allow the
influence of architecture, molecular weight, and asymmetry ratio on film formation to be
studied. The most important molecular characteristics of the materials studied in this
work are presented in Table 4.1. As seen in the table and throughout the text, each star is
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identified by a sequence of two numbers that correspond to their average number of arms
and their S/V ratio.

Total Mw
Mw/Mn

ID

Mw arms

dn/dc

PS/PVP (g/mol)

ml/g

S/V

f

(g/mol)
Star40-1

4.3×106

1.26

40

53750/53750

0.107

1

Star40-5

5.1×106

1.16

40

106250/21250

0.106

5

Star40-9

4.8×106

1.30

40

108000/12000

0.085

9

Star26-1

2.6×106

1.23

26

50000/50000

0.104

1

Star26-5

3.2×106

1.45

26

102500/20500

0.098

5

Star26-9

3.0×106

1.36

26

103800/11500

0.106

9

Table 4.1 Molecular Characteristics of Star Block Copolymers Used (f = number of
arms; S/V = styrene to vinylpyridine ratio).
Kinetic Measurements. The kinetics of preferential adsorption are monitored
using a Beaglehole Picometer Ellipsometer, which uses discrete wavelength He-Ne laser
source (λ=632.8 nm) and has an angular resolution of 0.01°. The basic protocol has been
described in detail elsewhere.[1] Briefly, a freshly cleaned silicon wafer is mounted at the
center of a homebuilt cylindrical fluid cell and the system is aligned so that the laser
beam impinges on the center of the wafer and enters normal to the walls of the fluid cell.
The fluid cell is then filled with pure filtered toluene (Sigma-Aldrich, HPLC grade) and
the angle of the arms is adjusted in tandem to the Brewster angle for the SiO2/toluene
interface, nominally 69°. The two components that describe the polarization state of the
reflected beam (the ellipsometric signal, usually denoted as Re(ρ) and Im(ρ)) are
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recorded every 3 seconds and followed for 15 minutes to create a baseline for the
experiment and to check for any signs of contamination. If these signals do not change,
the pure toluene is replaced with a previously equilibrated stock solution containing the
star block copolymer; then the ellipsometric signals are recorded until a plateau is
reached, typically 10,000 seconds.
Refractive Index Measurements. Refractive index values as function of
concentration for all the star block copolymers were measured using an Optilab rEX
refractometer with an RI detector. From these measurements refractive index increments,
dn/dc, were calculated for all the stars and these values are reported in Table 4.1. dn/dc
values are used to calculate the adsorbed amount from the imaginary component of
ellipsometric ratio, as described by Toomey et al.[1]

4.3 Results and Discussion

Kinetics of Preferential Adsorption. The kinetics of assembly curves, which
will be referred as adsorption profiles, expressed as the adsorbed amount as a function of
time, for the six PS-b-PVP star block copolymers studied are shown in Figure 4.1. The
adsorption profiles follow the traditional two step process characteristic of block
copolymer adsorption:[25] a fast initial regime is observed at early times, followed by a
transition into a slower regime. The curves for the samples Star40-9 and Star40-5, which
have the largest molecular weight, show a particularly unusual inflection point in the
early stage of the adsorption process. This point is revisited below.

88

Given the complexity of these highly branched amphiphilc copolymers, it is
interesting to consider whether the kinetics of self-assembly is dominated by diffusion of
molecules to the surface or by surface reorganization events. A question closely coupled
to this is that of the timescale for both events, which will give information on their
relative importance. An issue that follows is if the adsorbed chains are able to rearrange
as the layer evolves to its equilibrium state. To approach the first question, I analyze the
data by fitting the adsorption profiles using a model that incorporates both diffusion and
surface reorganization events in describing the evolution of the layer. Equation 1, derived
by Hubbard et al.,[26] describes how the adsorbed amount, Ad, changes in time, Ad(t).
This model assumes Fickian diffusion to an imperfect surface (a surface that is partially
adsorbing/reflecting) where adsorbing sites become blocked by previously adsorbed
molecules. Once adsorbed, those molecules also can diffuse or relax.[26]

⎧
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Ad (t ) = Am ⎨1 − exp
Am
⎪
⎩

⎡
⎢ D
⎢K 2
⎢⎣
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⎡⎛ 2 ⎞ 1 2 ⎤ ⎞
⎡ K 2t ⎤
⎜
⎟ 2 ⎛ Dt ⎞ 2 ⎥ ⎪
K t
⎢
⎥
⎟
⎥ erfc ⎢⎜⎜
⎜ exp ⎢
⎟ ⎥ − 1⎟ + K ⎜⎝ π ⎟⎠ ⎥ ⎬
D
D
⎜
⎣
⎦
⎠ ⎦ ⎟
⎥⎦ ⎪⎭
⎣⎝
⎝
⎠

(1)

Here Am is the maximum adsorbed amount at equilibrium, C0 is the concentration of the
adsorption solution, D is the apparent diffusion coefficient, and K is a constant that
combines surface diffusion and surface reorganization events. Two limiting cases of
Equation 1 are useful to understand the kinetics process. First, when the process is
controlled by diffusion of molecules to the surface large values of K2/D are obtained and
Equation 1 reduces to:[26]
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⎡
⎛ 2C ⎛ Dt ⎞ 12 ⎞⎤
Ad (t ) = Am ⎢1 − exp⎜ − 0 ⎜ ⎟ ⎟⎥
⎜ A ⎝ π ⎠ ⎟⎥
⎢
m
⎝
⎠⎦
⎣

(2)

Second, when surface kinetic events (surface diffusion and reorganization) dominate, the
term K2/D is small and Equation 1 reduces to:[26]

⎡
⎛ KC 0 t ⎞⎤
⎟⎟⎥
Ad (t ) = Am ⎢1 − exp⎜⎜ −
A
⎥
m ⎠⎦
⎝
⎣⎢
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(3)
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Figure 4.1 Adsorbed amount as a function of time for the six star block copolymers. The
adsorbed amount follows the traditional two regime process: a fast initial adsorption is
observed, followed by a transition to a slower regime. Those stars having higher
molecular weights and number of arms exhibit higher adsorbed amounts. The solid lines
are fits using Equation 1, a kinetic model that considers both diffusion and surface events.
To investigate which of these processes are important, the data have been fit using
equations 1, 2, and 3 as user defined functions input into the software package Origin®.
Initial values for the parameters D, K, and Am have been estimated using theoretical
predictions, published values for polymers,[26] and experimental results, respectively.
The value of C0 is known, and this parameter is not allowed to vary. With this initial set
of values, the adsorption profile is calculated and, if necessary, the fitting parameters D,
Am and K are adjusted in order to obtain a close representation of the data. Origin® is then
allowed to iterate, changing the values of the parameters D, K, and Am without restriction
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(until a tolerance in χ2 of 0.05 is achieved). The goodness of the fit is judged using the
assessment tools within the Origin® program, including reduced χ2 and dependencies
values,[27] and by comparing the experimental data and calculated adsorption profile by
eye.
Figure 4.1 shows the measured adsorption profiles and fits (shown as solid lines)
obtained using the full model (Equation 1), for all of the star block copolymers. Excellent
agreement between the model and data is observed, and the values of the parameters D,
K, and Am obtained by the fitting procedure are reported in Table 4.2. Also reported in
Table 4.2 are predictions of diffusion coefficients calculated using the well known
Stokes-Einstein equation:

DTHEO =

k BT
6πηR h

(4)

Here kB is Boltzmann’s constant, η is the viscosity of the solvent (toluene), and Rh is the
hydrodynamic radius. Rh is calculated from Rg using Equation 5, [28, 29] in which Rg for
each of the stars is calculated using the definition of the branching parameter and the
expression derived by Stockmayer-Zimm for star polymers based on the number of arms,
f.[30] Finally, (Rg)l, the radius of gyration of a linear chain with equal molecular weight
of the branched molecule is calculated using the expression determined by Higo et al.[31]
for PS in toluene, (Rg)l = 1.86N0.595, where N is the degree of polymerization of PS. In
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using Equation 5 we have calculated Rh based only on the inner PS core of the star, which
is solvated in toluene, ignoring the contribution to Rg of the outer collapsed PVP blocks.

Rh =

( )b =

5
Rg
3

5 (3 f − 2)
Rg
3 f2

( )l = 1.86 53 (3 f −2 2) N 0.595

(5)

f

Diffusion and Surface Kinetic

Diffusion

Model

Dominated

Surface Dominated

Am

K

D

Am

D

Am

K

DTHEO

(mg/m2)

(cm/s)

(cm2/s)

(mg/m2)

(cm2/s)

(mg/m2)

(cm/s)

(cm2/s)

Star40-1

3.03

5.87×10-5

0.15×10-7

3.06

3.67×10-7

3.01

3.34×10-5

1.58×10-7

Star40-5

3.91

5.48×10-6

1.57×10-3

7.37

3.18×10-8

3.91

5.45×10-6

1.05×10-7

Star40-9

3.60

1.22×10-5

1.7×10-8

4.14

8.43×10-8

3.55

9.65×10-6

1.04×10-7

Star26-1

2.21

1.62×10-4

7.04×10-7

2.21

4.61×10-7

2.19

6.34×10-5

1.72×10-7

Star26-5

2.70

6.10×10-5

1.34×10-7

2.75

9.30×10-8

2.56

1.32×10-5

1.13×10-7

Star26-9

2.54

4.79×10-5

4.76×10-8

2.64

3.56×10-8

2.26

6.47×10-6

1.12×10-7

ID

Table 4.2 Kinetics Parameters Used in the Fitting of the Data to Different Kinetic
Models
As can be seen in Table 4.2, the diffusion coefficients obtained from the fits using
Equation 1 are similar to the order of magnitude as those calculated using the StokesEinstein equation, with the exception of Star40-5. In this case, the diffusion coefficient
obtained by the fitting seems unusually large. As will be shown below, it appears that the
adsorption of this star is dominated by surface events, rather than diffusion to the surface.
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As noted by Hubbard et al., a physical interpretation of the surface parameter, K,
is not straight forward because it encompasses all possible surface events. Hubbard et al.
have speculated that K may be the square root of a product of two constants that describe
surface diffusion and surface reorganization.[26] Additional insight into the adsorption
process can be gained by using Equations 2 and 3 to fit the data, thereby testing the two
limiting cases of Equation 1, where diffusion and surface kinetics dominate, respectively.
These fits are shown in Figure 4.2 and 4.3.
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Figure 4.2 Comparison of adsorption profiles and predictions of the diffusion controlled
model, Equation 2. The two stars with the biggest size – Star40-9 and Star40-5 – are not
well fit by this model; for all other stars there is good agreement between the
experimental data and fits.
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Figure 4.3 Comparison of adsorption profiles and predictions of the surface kinetics
controlled model, Equation 3. The data is well-fit using this model, especially for the
stars with the biggest size – Star40-9 and Star40-5 –; however the fits are not better than
the ones obtained when considering both diffusion and surface events (Equation 1).
As can be seen in Figure 4.2 the limiting case of diffusion controlled kinetics
gives good fits for most of the samples, with exception of samples Star40-5 and Star40-9.
On the other hand and as shown in Figure 4.3, the surface kinetics-controlled model gives
good fits for these two samples and relatively good fits for the other stars. However, for
all of the stars, neither model by itself gives better fits than the combined model
embodied by Equation 1, which takes into account both processes.
The two samples for which the diffusion controlled model gives poor fits, Star405 and Star40-9, are also the ones that show an inflection point during the early stages of
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the adsorption process. These two samples are the ones with the highest molecular weight
and S/V ratio, which make them the largest of the stars. It can be speculated that as the
size of the macromolecule increases, surface events will become more important,
eventually dominating the kinetics of adsorption. Based on these observations, the
inflection point may signify a transition from a regime where diffusion to the surface is
more important than surface events at early stages of the adsorption process, to a regime
where surface events are more important (than diffusion). This seems plausible because,
as was shown for all of the star copolymers, both events (diffusion and surface kinetics)
play a role in the kinetics of adsorption. An analysis based on measurements of the final
adsorbed amount will provide additional insight into the kinetics of preferential
adsorption and whether (or not) these macromolecules are able to rearrange on the
surface as the system progresses toward its equilibrium state.
Maximum Adsorbed Amounts. It has been proposed that star copolymers with
many arms have hard-core properties[29] and their adsorption behavior will be described
by random sequential adsorption (RSA) model.[32, 33] According to the RSA model,
molecules do not diffuse or rearrange on the surface, and the maximum adsorbed amount
attainable is 54.7% of that of closest packing. To analyze whether the adsorption of any
of the star block copolymers follows an RSA process, the grafting density, σ, is
calculated:

σ =

Ad N A
M PS + M PVP

96

(6)

In Equation 6, Ad is the maximum measured adsorbed amount, NA is Avogadro’s number
and MPS and MPVP are the total molecular weights of the PS and PVP blocks for the whole
star, respectively. Values of Ad determined from the adsorption experiments (adsorbed
amount at very long times) and the corresponding σ values for all the star copolymers are
reported in Table 4.3. Based on the dimensions of the star copolymers estimated by (Rg)b,

(

)

calculated as 3 f − 2 f 2 Rg l , an estimate of the grafting density at closest packing can
be easily estimated by σpack = 1/2(Rg)b2, and the corresponding grafting density predicted
for an RSA process is σRSA = 0.547σpack. The grafting density at closest packing is
calculated based on the swollen PS block and ignores the contribution of the collapsed
PVP block. These values are reported in Table 4.3, along with the ratios σ/σRSA
and σ/σpack. As seen in Table 4.3, these ratios show that the star copolymers with S/V = 1
have final adsorbed amounts that are in-line with those predicted by the RSA model;
however, adsorption of the asymmetric stars (S/V = 9 or S/V = 5) leads to larger σ/σRSA
values, suggesting that the adsorbed molecules rearrange in order to accommodate a
greater number of stars. For these asymmetric stars, σ/σpack is ~1.3 suggesting additional
stretching of the chains. A few possibilities that would explain this result include
additional stretching of the macromolecules due to overlapping stars or changes in the
conformation of the macromolecule as it adsorbs by their corona blocks (which also
would lead to additional stretching of the chains due to crowding). Also, as will be shown
in Chapter 5, there is formation of aggregates on the surface that may account for part of
the additional adsorbed amount beyond that at closest packing. However, a re-
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examination of the adsorption data (Figure 4.1) shows two very distinctive features in the
profiles of the two symmetric star block copolymers as compared to the asymmetric ones:
the kinetics curves for the two symmetric stars reach the slower regime (reach a plateau)
very quickly, and there is almost no transition to this regime. For the asymmetric stars
there is a more gradual transition, as evidenced by the gradual turn-over in the adsorbed
amount as a function of time, suggesting that the molecules are able to rearrange on the
surface. This is more clearly shown by plotting the data on logarithmic scale, as shown in
Figure 4.4. We can speculate that due to the strong interaction between the anchoring
blocks and the surface the symmetric stars are unable to diffuse and rearrange once the
macromolecule reaches the surface – on this point I note that these stars have the greatest
PVP content and sticking energy is proportional to the number of contacts between the
anchoring block and the surface.
A distinctive characteristic of an RSA process is that the maximum surface
coverage is approached with t-0.5 behavior.[32] As shown in the inset plot in Figure 4.4,
this is found to be true for Star40-1 and Star26-1, providing evidence that adsorption of
these star copolymers approaches equilibrium according to RSA kinetics. Also, as shown
in Table 4.3, the static water contact angles, θw, measured for dry surfaces modified with
the 9/1 and 5/1 star block copolymers are close to that of pure PS,[9] but lower contact
angle values were measured for the surfaces modified with the 1/1 copolymers. This
information supports the idea that adsorption of the symmetric star copolymers does not
result in complete coverage of the silicon surface.
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Figure 4.4 Logarithmic plot of the adsorption behavior of the star copolymers. The
symmetric star copolymers having S/V = 1/1 show a different trajectory as they approach
equilibrium. The insert shows that these two stars approach equilibrium according to
RSA kinetics with a t-0.5 dependence.
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2

Star40-1

658

179

3.04

4.26×10-4

7.84×10-4

4.29×10-4

0.99

0.54

83.6

Star40-5

987

268

3.85

4.54×10-4

3.48×10-4

1.91×10-4

2.39

1.30

98.55

Star40-9

996

271

3.62

4.54×10-4

3.42×10-4

1.87×10-4

2.43

1.33

96.00

Star26-1

488

163

2.21

5.12×10-4

9.35×10-4

5.12×10-4

1.00

0.55

79.8

Star26-5

747

251

2.73

5.14×10-4

3.98×10-4

2.18×10-4

2.36

1.29

100

Star26-9

753

252

2.38

4.78×10-4

3.92×10-4

2.15×10-4

2.23

1.22

99.2

Table 4.3 Grafting densities calculated based on an analysis using the maximum
adsorbed amount measured for layers of the tethered stars. The symmetric stars show a
final grafting density close to those prediction by RSA theory; on the other hand, the
asymmetric stars have grafting densities greater than the grafting density at closest
packing, suggesting that surface reorganization occurs when they adsorb.
Equivalent Diblock Analysis. As can be seen in Figure 4.1, those layers formed
by adsorption of stars having a higher number of arms and molecular weights result in
greater adsorbed amounts. To help understand their adsorption, it is useful to analyze the
tethered stars as being comprised of individual diblock copolymers, as shown in Figure
4.5.
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Figure 4.5 Cartoon representing the equilibrium an adsorbed star copolymer. The layer is
considered to be formed by diblock copolymers of molecular weight and composition
equivalent to that of an arm of the star.
Using this equivalent diblock model several quantities can be calculated and
compared for the 40- and 26-arm star copolymers. To calculate the average density of
arms tethered to the surface, σarm, Equation 6 can be used employing the molecular
weights of the PS and PVP blocks of an arm, rather than the total molecular weight of the
star. Furthermore, the degree of stretching of the arms of the tethered stars can be
assessed

by

σ
*
σ arm
= arm
σ

calculating

arm −ol

the

reduced

grafting

density,

σ*arm,

defined

by

. Here σarm-ol is the hypothetical grafting density at which PS chains

having the same molecular weight as the PS block of the arm of the star would begin to
overlap on the surface: σ arm −ol = 1 2 , with R gPS = 1.86 N 0.595 .[31] σarm-ol depends
πR gPS
only on the molecular weight of the PS block of the arms, which as mentioned before is
nearly constant for each given S/V. It has been shown for brushes formed from diblock
copolymers[9] and from loop-forming triblocks[34] that the reduced tethering density is
6

mainly a function of the asymmetry ratio, β, where β =
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N PS5

2

3
N PVP

for brushes formed by

preferential adsorption of PS-PVP block copolymers from toluene.[9] Here I test whether
the stars follow the same scaling dependence.
Figure 4.6 is a plot of σ*arm versus β, showing that the reduced grafting density
for the 40-arm stars is higher than that of the 26-arm stars for all S/V ratios. This means
that the attached chains of the layers made from the 40-arm stars are more stretched than
those made from the 26-arm stars, ostensibly because the chains are more crowded about
the central core. This is in-line with theory of Daoud and Cotton for star polymers,[35]
who showed that the arms of a star become more stretched as the number of arms
increases. This characteristic behavior of the chains in solution also appears to manifest
in the layer formed by self assembly of these materials at the solid-fluid interface.
However, the question of whether the degree of stretching of the chains (arms) of the
tethered stars is greater than that for an isolated star in solution and caused by additional
crowding due to confinement on the surface remains unclear. Ongoing experimental
efforts using surface forces apparatus, atomic force microscopy, and neutron
reflectometry techniques will provide additional insight into the nanoscale structure of
these interfacial layers. Preliminary results along these lines are reported in the next
Chapter.
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Figure 4.6 Reduced grafting density, σ*arm, as function of asymmetry factor, β. The
analysis is based on an “equivalent diblock copolymer” model using the molecular
weights of the blocks of one arm of a star block copolymer. The arm of those stars having
40 arms are more stretched than those having 26 arms.
Effect of Adsorption Concentration. In order to evaluate the effect of solution
concentration on the kinetics of preferential adsorption, the adsorption behavior for one
of the stars was measured at different concentrations. The star copolymer selected for
these studies was Star40-9, which has the largest molecular weight, number of arms, and
S/V ratio. Figure 4.7 shows the adsorption profiles for the star40-9 at nominal solution
concentrations of 30, 20, 15, 10, 5, and 1 mg/l. As can be seen in the figure, selfassembly at the solid-fluid interface depends strongly on concentration, reaching the
maximum adsorbed amount at a concentration of 15 mg/l. Beyond this concentration the
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final adsorbed amount remains nearly constant (up to the maximum concentration
studied), as shown in Figure 4.8. Also shown in Figure 4.7a are the fits for all the
concentrations using Equation 1, which considers that the kinetics of the adsorption
process are governed by both diffusion of macromolecules to the surface by surface
reorganizations. In Figure 4.7b, the data are presented with fits based on Equation 3,
which considers the limiting case where adsorption is dominated by surface
rearrangements. As can be seen the fits are basically identical. This means that it is not
necessary to incorporate mass transfer by diffusion into the model to describe the
adsorption of this star, and the D value is physically meaningless. This was noted
previously for this star – that the kinetics of self assembly for the star40-9 seems to be
surface dominated – and this holds true for all of the concentrations studied here. Fits
using the diffusion controlled model, Equation 2, were attempted for all of the
concentrations tested, but were found to be poor.
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Figure 4.7 Effect of concentration on the adsorption of Star40-9, which has the highest
number of arms and S/V ratio. The adsorption is very dependent on concentration. The
data has been fit using a) a model that considers both diffusion and surface events and b)
a model that only considers surface events. Both models give excellent fits to the data.
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Figure 4.8 Maximum adsorbed amount as function of solution concentration for Star409.
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4.4 Summary and Conclusions

The kinetics of preferential adsorption of a series of highly branched star block
copolymers that adsorb by their corona blocks is studied using phase modulated
ellipsometry. The kinetics of adsorption shows that the evolution of the layer displays
two regimes: There is a fast initial regime followed by a transition to a slower regime,
likely caused by the layer becoming more efficient at rejecting adsorption of incoming
stars as surface area becomes occupied. The analyses support the conclusion that the
kinetics of adsorption of the more asymmetric stars having 40 arms and greater molecular
weights, Star40-9 and Star40-5, is dominated by surface events, while for the other
asymmetric stars, having 26 arms and smaller molecular weights, Star26-9 and Star26-5,
both events, diffusion and surface reorganization, play a role. The adsorption profile
(adsorbed amount versus time) for the 40- and 26-armed symmetric stars (S/V = 1) shows
that the adsorbed amount approaches equilibrium with a t-0.5 dependence, and lower final
adsorbed amounts are attained. Both of these behaviors are consistent with behaviors
predicted for a RSA process. An analysis of the final adsorbed amount based on an
equivalent diblock model, which uses the molecular weight of an arm of each star, shows
that those stars having a higher number of arms are more stretched than those having a
lower number of arms. This property seems to be inherited from the conformation of the
macromolecule in solution; however the final adsorbed amounts for the asymmetric stars
suggest that these stars are able to rearrange on the surface.
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These are the first studies of preferential adsorption of highly branched star
copolymers of which I am aware, and the results advance our understanding on how
polymer architecture impacts the assembly and structure of polymers at surfaces and
interfaces. The information obtained from these studies is important because it provides
guidelines of how complex macromolecules can be used as surface modification agents to
alter surface properties. Additional surface forces experiments, SFA, neutron
reflectometry, NR, and atomic force microscopy, AFM, experiments on the equilibrium
structure of these layers will provide a better understanding of the final structure of these
macromolecules, and these results will be the focus of the next chapter.
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CHAPTER 5
FORCES OF INTERACTION AND EQUILIBRIUM STRUCTURE OF SELFASSEMBLED STAR BLOCK COPOLYMERS THAT TETHER BY THEIR CORONA
BLOCKS AT THE SOLID-FLUID INTERFACE

Abstract
Surface forces apparatus (SFA), atomic force microscopy (AFM), and neutron
reflectometry (NR) experiments have been performed on tethered polymer layers made of
polystyrene-block-poly(2-vinylpyridine)

(PS-b-PVP)

star

block

copolymers

self

assembled from dilute toluene solutions onto a mica and silicon surfaces. Because the
coronas of the stars are made of PS and the core blocks are made of PVP, these
macromolecules are strongly tethered onto surfaces through the insoluble PVP blocks,
forming a structure with multiple tethering points (multiply bound polymer chains). The
effect of composition, branching, and adsorption conditions have been studied using stars
having on average 26 and 40 arms and styrene to vinylpyridine ratios, S/V, of 1/1, 5/1,
and 9/1. The forces of interaction as function of separation distance, or force profiles, are
monotonically repulsive for all cases, but the onset of interactions is sensitive to
molecular weight, number of arms, and S/V ratio. AFM experiments performed on one
star suggest the presence of adsorbed aggregates in both the dry and swollen states. A
density profile obtained by NR measurements of the same star swollen in toluene is in
agreement with this observation, and the profile shows an inner dense region
corresponding to a uniform layer and a long dilute tail that arises because of the

aggregates. These results increase our understanding on how complex copolymer
architectures attached to interfaces affect layer structure and forces of interactions
between surfaces bearing the attached macromolecules, and provide guidelines on how
they can be used as surface modification agents.

5.1 Introduction

Understanding the role of polymer architecture in the formation, structure, and
properties of polymer modified surfaces is of great theoretical and practical importance.
Developments in the field of polymer synthesis, especially anionic polymerization, have
made it possible to synthesize macromolecules with very precise control of copolymer
composition and architecture.[1] A variety of complex macromolecular architectures can
be synthesized, including combs, mikto-arm (mixed arm) stars, and regular star-block
copolymers, and the chemical identity, relative amount, connectivity and sequence of the
constituent blocks can also be manipulated.[2] An important result of this ability to
program chemical information into macromolecules in different ways is that the phase
behavior, structure, and dynamics can be manipulated. Understanding how these changes
in macromolecular structure, sequence and composition affects self assembly at surfaces
and interfaces is of considerable importance not only from a conceptual point-of-view,
but also for the many technological applications that benefit from surface modification
using polymer materials.
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In Chapter 4, I reported on the kinetics of self-assembly of PS-b-PVP star block
copolymers from dilute toluene solutions onto a silicon surface. Those experiments show
that for most of the stars, the kinetics of self-assembly is controlled by diffusion of
molecules to the surface and surface reorganization events; however for the more
asymmetric stars having S/V = 5/1 and 9/1 and 40 arms, surface events dominate. The
kinetics experiments also show that for the symmetric star copolymers (S/V = 1) the final
adsorbed amount agrees with the value predicted by random sequential adsorption (RSA)
theory,[3] or 54.7% of density at closest packing, and that this limit is approached with
time-0.5 dependence as predicted by RSA theory. On the other hand for the asymmetric
samples having either 26 or 40 arms, the final adsorbed amount is ~1.3 times greater than
that of closest packing, which suggests that the interfacial layers formed from these stars
are able to rearrange and possibly stretch to alleviate lateral crowding on the surface.
For those studies I used phase-modulated ellipsometry as the main experimental
technique and showed that the kinetics of adsorption and areal density of polymer
adsorbed on the surface is sensitive to star parameters such as molecular weight, number
of arms, and asymmetry ratio. While this technique is very robust, it only provides
information on the average structure of the layer. In this chapter, using the surface forces
apparatus, SFA, and neutron reflectometry, NR, I investigate in more detail and at the
nanoscale, the equilibrium, solvated structure of the interfacial layers formed from these
complex copolymers. The results reported here increase our understanding of how
copolymer architecture affects the structure of polymer layers and how it may be used to
tailor surface properties.
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5.2 Experimental

Materials. A series of star block copolymers were made by Helen Ji and
professor Jimmy Mays at the University of Tennessee by rigorous anionic polymerization
techniques using custom-built all-glass reactors with breakseals. Details of the synthesis
and rigorous characterization of these materials have been reported elsewhere.[4] As
noted previously, the stars have 26 or 40 arms, with each arm consisting of a PS-blockPVP diblock copolymer, and S/V ratios of 1/1, 5/1, and 9/1. The PS part of the diblock,
which forms the inner blocks of the star, was synthesized using styrene-d8. Deuterated
PS is needed to provide the necessary contrast in NR experiments, but it has no effect on
the adsorption properties of the material. Table 5.1 list the most important characteristics
of the star copolymers studied. As in Chapter 4, the stars are referred to by their average
number of arms followed by a number indicating their S/V ratio.

ID
Star40-1
Star40-5
Star40-9
Star26-1
Star26-5
Star26-9

Total Mw
Mw/Mn
(g/mol)
4.3×106
1.26
6
5.1×10
1.16
6
4.8×10
1.30
6
2.6×10
1.23
6
3.2×10
1.45
6
3.0×10
1.36

f
40
40
40
26
26
26

Mw arms
PS/PVP (g/mol)
53750/53750
106250/21250
108000/12000
50000/50000
102500/20500
103800/11500

S/V
1
5
9
1
5
9

Table 5.1 Molecular Characteristics of Star Block Copolymers. (f = number of arms;
S/V = styrene to vinylpyridine ratio)
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SFA measurements. The brushes were made by preferential adsorption of the
amphiphilic star block copolymers onto the mica surfaces of the surface forces apparatus
from toluene solutions having a nominal concentration of 30 mg/l. The system
temperature was held at 32°C (± 0.1°C) throughout the experiment. The forces of
interaction as a function of surface separation distance, often referred to as “force
profiles”, were measured after allowing at least 12 hours for assembly and equilibration
of the layer. The force profiles comprise multiple compression and expansion cycles, and
the experiments were duplicated to confirm the shape and range of the measured force
profiles. A control experiment was conducted by replacing the adsorption solution by
pure toluene. Details on the apparatus and protocols used for the experiment have been
given elsewhere in the literature[5-9] and in Chapter 3.
Neutron reflectivity experiments. Neutron reflectivity measurements were
performed on the brush layer made by preferential adsorption of the star copolymer on
silicon surfaces having the biggest molecular weight and asymmetry. Measurements were
made on the dried layer and on the toluene-swollen layer. The experiments were
conducted at room temperature using the Liquids Reflectometer of the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory (pulsed source; 2 Å < λ < 9 Å). As with
the SFA studies, the PS-b-PVP star self-assembled from a toluene solution with a
nominal concentration of 30 mg/l. Dry layer measurements were necessary to properly
scale the neutron reflectivity data in the swollen state, as will be explained later.
AFM measurements. AFM measurements were performed on surface layers, in
the dry and swollen state (in toluene), made by adsorption of the most asymmetric star
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copolymer having 40 arms and S/V = 9 onto silicon surfaces. A NanoScope™ (Digital
Instruments) instrument in tapping mode was used, and measurements were performed in
different regions of the silicon chips and the experiments were conducted in duplicate.
Control experiments were also performed on mica surfaces and the results were
consistent with the experiment on silicon.

5.3 Results and Discussion

Force Profiles. The force profiles measured for the six star block copolymers
listed in Table 5.1 are presented in Figure 5.1. As can be seen from the figure, all force
profiles are monotonically repulsive, and the force profiles are sensitive to star block
copolymer parameters such as molecular weight, number of arms, and asymmetry ratio.
However, there is not an evident simple dependence on these parameters as will be
discussed in the next paragraphs.
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Figure 5.1 Forces profiles for the six star copolymers studied. The force profiles are
monotonically repulsive and are sensitive to parameters set during synthesis, such as
molecular weight, number of arms, and asymmetry ratio.
A comparison of the force profiles of those stars having 40 arms and S/V ratios of
9/1 and 5/1 and those having 26 arms and the same S/V ratios shows that the force
profiles of the 40-armed stars are longer-ranged, suggesting a more stretched structure. It
should be noted that the average molecular weight of the individual arms comprising the
arms of these four star copolymers is very similar. This suggests that the additional
stretching of the layers formed from the 40-armed stars arises because of the crowding of
the chains about the central core. It has been shown that as the number of arms, f, of a star
polymer increases, the chains become more stretched due to crowding about the central
core.[10, 11] Also, based on the adsorbed amounts determined from phase modulated
ellipsometry measurements, these preferentially adsorbed stars are overlapped on the
surface. The additional stretching energy is presumably balanced by a concomitant
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increase in the sticking energy due to more contacts between PVP monomers and the
surface.
It is interesting to note that for the star copolymers having 40 arms and S/V = 9/1
and 5/1, the force profiles are very similar in shape and range, suggesting that for these
two star copolymers the effect of the size of the anchor block on the measured force
profile is negligible. On the other hand, for those star copolymers with 26 arms and S/V
ratios of 9/1 and 5/1, there is an effect of the size of the anchor block: the more
asymmetric 26-armed star (S/V = 9/1) appears to be more stretched than the less
asymmetric one (S/V = 5/1), as evidenced by the longer-ranged forces. A factor that may
explain why the range of the force profiles for the 9/1 and 5/1 40-arm stars S/V ratio is
similar is because the structure of the stars with 40 arms on the surface may be mainly
dominated by the buoy blocks. Interestingly, the two stars with 40 arms exhibit
adsorption kinetics with the evolution of adsorbed amount in time being dominated by
surface events rather than diffusion. This is attributed to the greater total molecular
weight (and therefore bigger size of the macromolecule). Another possibility is that the
arms on those stars with 40 arms may be stretched such that additional stretching due to
confinement on the surface is not energetically favored. If this were the case, I would
speculate that the chains forming the arms of the 26-arm stars are less crowded about the
central core, so the anchor blocks do affect the stretching of the confined stars, as
demonstrated by the difference observed in the range of the force profiles for these two
star copolymers.
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In the case of the symmetric stars (S/V = 1/1), the star with 40 arms exhibit a
slightly longer-range force profile compared to the 26-armed star of the same S/V,
although both profiles are very similar in shape. Again, the individual arms of these two
star copolymers have very similar average molecular weights and compositions, so the
macromolecules differ mainly in their number of arms. In Chapter 4, I reported, based on
an analysis of results obtained using phase modulated ellipsometry, that the interfacial
layers formed from preferential adsorption of these two copolymers have final adsorbed
amounts that are in agreement with predictions based on a random sequential adsorption
model; roughly speaking, preferential adsorption results in layers with areal densities that
are ~54.7% of the density at closest packing.[12] This means that on average, individual
star block copolymers on the surface do not overlap, and the adsorbed macromolecules
would be in the so-called mushroom regime. As a result and as evidenced by the similar
shape and range of the force profiles, it stands to reason that these two stars adopt a
similar configuration on the surface.
Based on the results presented in the previous paragraphs, it is clear that while
there seems to be a dependence of the force profiles on star parameters (molecular
weight, number of arms, and composition), this dependence is not simple and straight
forward. This is not an unexpected result if we consider the complex structures these
macromolecules may form on the surface. Because of the number of tethering points, the
mobility and rearrangements on the surface may be limited creating a heterogeneous
layer that may impact the shape, and range of the force profiles. Also the equilibrium
structure may not be attained in the timeframe of the SFA experiment, and the force
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profiles may correspond to a structure far from equilibrium. To further investigate the
structure of these complex interfacial layer, AFM and NR experiments were also
conducted, and these are the main focus of the next two sections.
AFM experiments. An AFM image of the layer in the dried state resulting from
the preferential adsorption of the star copolymer with the highest number of arms and
asymmetry, Star40-9, is presented in Figure 5.2.

Figure 5.2 AFM height image of the dried layer formed by preferential adsorption of
Star40-9 onto silicon from a dilute toluene solution. The image shows the presence of
aggregates on the surface.
It can be seen from the figure that the dried layer is not homogenous because of
the presence of aggregates that protrude above what appears to be a relatively uniform
and dense near-surface layer. It may be possible that the aggregates form as a result of the
drying process, and it is possible that when this star-modified surface is immersed in
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toluene the solvent-swollen layer becomes smooth. To probe this, atomic force
microscopy (AFM) was used to image the swollen layer in toluene. The corresponding
image of the swollen layer is shown in Figure 5.3, and it also suggests that aggregates are
present when layer is swollen by a selective solvent.

Figure 5.3 AFM image of the layer formed from Star40-9 swollen in toluene. The
presence of aggregates is evident in the swollen state of the brush.
Based on these images we envision that self-assembly results in formation of a
heterogeneous layer, such as the one shown in Figure 5.4. The essential idea is that the
layer is thicker than a single molecular layer, and the aggregates may form because the
complex and highly branched macromolecules that are preferentially adsorbed are slow
to reorganization and mobility when they adsorb on the surface as a result of the large
number of tethering points. Consequently, because the adsorbed stars may have
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nonsolvated PVP blocks that are unable to reach the surface (remove themselves from
solution), and because there may be gaps between adsorbed stars, incoming stars attempt
to “fill in” gaps between preferentially-adsorbed stars already on the surface, creating the
protruding aggregates.

dPS
PVP + dPS
dPS + PVP
PVP

Figure 5.4 Cartoon showing the possible dry layer structure of the layer formed from the
preferential adsorption of the star copolymer. The formation of aggregates may be caused
by the complexity (many tethering points) of the macromolecule, which upon adsorption
may expose PVP blocks that are not in contact with the surface. These exposed
anchoring blocks may serve as receptors where other incoming stars attach.
In order to test if these aggregates are present during the early stages of the
adsorption process or if they form at the end when free area becomes less available, I
performed a series of AFM measurements at different stages of the adsorption process.
This was done by removing samples from the adsorption solution at pre-determined
times, and the resultant images are shown in Figure 5.5. As can be seen in the figures,
aggregates on the surface are observed in the very early stages of the adsorption process.
Also shown in this figure are the corresponding values of static contact angle
measurements. The surface evolves from hydrophilic to hydrophobic with a final contact
angle close to the value for pure PS, suggesting that most of the PVP is close to the
surface or hidden inside the layer by stars that adsorb over the inner, near-surface layer.
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However, AFM and contact angle measurements do nor discriminate the nanosacle
structure of the layer. In order to gain a better understanding of the layer structure NR
measurements were performed for the same star copolymer, Star40-9, and the results are
discussed in the next section.
Neutron reflectivity experiment. Figure 5.6 shows the reflectivity profile (black
data points) obtained from the neutron reflectivity experiment on the dry layer of the
adsorbed Star40-9. Also shown in this figure is the best fit (red points) obtained based on
the model presented in Table 5.2. This model is inspired by Figures 5.2 (AFM) and 5.4
(cartoon of layer). The model is based on slabs, perpendicular to the surface, of constant
composition. The composition of the slabs is expressed in values of the scattering length
density, SLD, which is a property that measures the interaction of neutrons with specific
materials (in this case PS and PVP). Based on the composition of a slab the
corresponding SLD value is easily calculated.[13] The roughness values given in table
5.2 affects the transition from one slab to the other, creating a more continuous profile
rather than the step-like profile suggested by the few slabs listed in the table.
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Figure 5.5 Evolution of dry layer morphology accompanied by images and results from
static water contact angle measurements and the corresponding adsorbed amounts. The
AFM images on the left correspond to height images, and those on the right correspond to
phase images. Aggregates are present beginning in early stages of the adsorption process.
a) 30 seconds, b) 15 minutes, c) 45 minutes, d) 3 hours. These aggregates may be formed
as the macromolecules are unable to rearrange fast enough on the surface due to the high
number of arms. The static contact angle measurements show how the layer evolves from
hydrophilic to hydrophobic; the final contact angle is close to that typically measured for
pure PS.
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Figure 5.6 corresponds to the reflectivity measured with the beam coming from
air and reflecting off of the star-modifed silicon surface. This results in the presence of a
critical edge at low Q (momentum transfer vector) values. Below that critical angle,
neutrons are totally reflected at the surface and the reflectivity, R, equals unity. When the
layer is immersed in toluene there is no critical angle (or wavelength), so an analogous
dry layer experiment needs to be done by inverting the sample and directing the beam
through the silicon wafer, reflecting it from the silicon-polymer interface. These dry layer
measurements are necessary for properly scaling the reflectivity data in toluene, because
the SLD profiles of the dried layers must reflect the same dry layer films. Therefore, the
ratio of the reflectivies needed to enforce agreement between the data taken from air and
through silicon provides a factor that is applied to the reflectivity data taken for the
toluene-swollen layer.
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Figure 5.6 Neutron reflectometry curve for the dry layer of adsorbed Star40-9. The red
curve is the best fit to the data.
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Compound

SLD (Å-2)

Air

σ (Å)

100.0

0.0

Layer 1 (mostly dPS)

-6

5.39×10

27.9

26.6

Layer 2 (PVP + dPS)

2.64×10-6

10.7

10.7

Layer 3 (dPS + PVP)

4.15×10-6

36.9

14.3

Layer 4 (mostly PVP)

1.88×10-6

11.7

8.5

SiO2

3.50×10-6

16.0

8.1

100.0

0.0

Si

0.00

d (Å)

2.07×10

-6

Table 5.2 Model parameters used to create the fit reflectivity curve that describes the
dried-layer structure of the adsorbed star40-9 copolymer. The symbol σ is the roughness
that characterizes the transition between adjacent slabs of thickness d.
Figure 5.7 shows the reflectivity curve and fit obtained for the layer swollen in
toluene (proteated). The corresponding model, in terms of the scattering length density,
SLD, of a series of slabs normal to the surface is shown in Table 5.3 and Figure 5.8.
Figure 5.8 is the SLD profile of the swollen layer in toluene which for this system is
analogous in shape to the density profile of the adsorbed brush. As can be seen in the
figure, the profile is made of an inner dense region that is a parabolic function, followed
by a long tail that is described by an exponential decay. Based on the AFM image of the
layer swollen in toluene and shown in Figure 5.8, we speculate that this long exponential
tail corresponds to a dilute layer formed from the aggregates that protrude from the
homogenous inner (or near-surface) layer. We note that the total swollen thickness
obtained by fitting the reflectivity curve agrees with the swollen layer thickness measured
using the SFA.
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Figure 5.7. Reflectivity profile of swollen layer in toluene formed by preferential
adsorption of Star40-9 onto a silicon substrate. The red curve (formed by the individual
datum points) is the model profile that seems to fit the data.
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Compound

SLD (Å-2)

d (Å)

σ(Å)

Si

2.07×106

100

1.0

SiO2

3.50×10-6

16.0

8.0

Layer 1 (mostly PVP)

1.36×10-6

234

36

Layer 2 (dPS + PVP)

1.24×10-6

126

100

Layer 3 (PVP + PS)

1.22×10-6

115

21

Layer 4 (mostly dPS)

9.56×10-7

619

190

Toluene

9.39×10-7

100

1.0

Table 5.3 Model parameters for the thickness, d, and interfacial roughness, σ, deduced
from fitting the reflectivity curve obtained for the swollen layer formed from the
preferential adsorption of Star40-9. (Labeled as Raw data in Figure 5.7.)
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Figure 5.8 SLD profile of swollen layer formed from preferential adsorption of Star40-9
copolymer. The profile consists of a dense inner region (z < 600 Å) and a long tail;
mathematically the inner dense region of the profile is described by parabola and the
dilute tail is represented as an exponential decay.
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5.4 Summary and Conclusions

SFA, AFM and NR experiments have been used to investigate the equilibrium
structure of polymer layers formed from the preferential adsorption of star block
copolymers at the solid-fluid interface. The force profiles show that the forces of
interaction between two surfaces bearing the polymer layers are monotonically repulsive.
The force profiles are sensitive to the number of arms and asymmetry ratio of the star
copolymers, demonstrating that macromolecular architecture can be used to tune the
range of inter-surface interactions between polymer-modified surfaces.
The layers formed from these materials are not homogeneous: it appears that
aggregates are formed on the surface, and these aggregates have an influence on the
nanoscale structure of the brush. The presence of a multi-layer structure having
protruding aggregates could not be distilled from the measured force profiles. Additional
efforts at characterizing solvated structure of the interfacial layers formed from the other
stars would be useful, as the nanoscale structure and swelling response needs to be taken
into consideration for possible applications.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Looped polymer brushes formed by block copolymer chains that tether by
multiple points have been self-assembled and studied at the solid-fluid interface in good
solvent conditions. Two model systems have been studied: looped polymer brushes
created using PVP-b-PS-b-PVP triblock copolymers, and octopus-like brushes created
using PVP-b-PS star block copolymers. The copolymers were self-assembled from dilute
solution in toluene, a good solvent for the PS block, which constitutes the middle block
and inner core of the triblock and star block copolymers, respectively.
The kinetics of preferential adsorption for the triblock copolymers shows the two
regimes expected for the adsorption process: there is a fast initial adsorption at early
stages, followed by a transition to a slower regime where previously-attached chains
prevent incoming chains from easily reaching and tethering to the surface. This process is
characteristic of block copolymer brush formation; however there are characteristic
differences in the case of the triblock system. When comparing to an analogous diblock
copolymer of similar total molecular weight and asymmetry, it is observed that the
triblock transitions to the slower regime faster than the corresponding diblock. Also by
looking at how the layer thickness evolves for the looped brush, an overshoot is observed
during this transition and the final thickness is approximately one-half that attained by the

linear brush formed by preferential adsorption of the diblock copolymer. These behaviors
are a result of the formation of a looped brush in which each triblock contributes two
equivalent diblock chains, thus adsorbing faster. The mechanism of how this adsorption
process procedes is likely the cause of the overshoot observed in the thickness – it is
likely that because these chains have two tethering points, one end finds its way to the
surface first, and the long, dangling chain is transformed into a loop when the second end
block finds its way to the surface and anchors.
Having two tethering points for each molecule also affects the equilibrium
structure of the brush. This effect was tested by measuring the force profiles for two
opposing surfaces bearing the looped polymer brushes and comparing these profiles to
mean-field and self-consistent field descriptions of polymer brushes. It was found that for
the more asymmetric triblock copolymers there is a polydispersity-like effect that arises
because the layer has a distribution of distances between tethering points of the chains
comprising the brush. The effect of this anchor-induced polydispersity is that it decreases
the range of the measured forces (equivalently, the brush thickness). This effect is exactly
opposite of what one expects from polydispersity due to a broadening molecular weight
distribution, which is known to increase the range of the force profiles (i.e. increase layer
thickness).
The kinetics of preferential adsorption of the star block copolymers showed a
similar two regime process marked by a fast initial adsorption followed by a transition to
a slower regime. In the case of these complex macromolecules, the analysis of the
adsorption kinetics was done by comparing the data to a kinetic model that considers
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diffusion to the surface as well as surface reorganization events. In view of this model,
both events are important for most of the stars; however surface events dominate in the
case of the two star copolymers with the greatest molecular weight and number of arms.
This difference in behavior was attributed to the complex architecture of these two
macromolecules (largest size and asymmetry, and greatest number of arms). An analysis
of the final adsorbed amount measured showed that the asymmetric and moderately
asymmetric stars having S/V = 9/1 and 5/1 are able to rearrange on the surface, reaching
an adsorbed amount which is greater than the value predicted for closest packing. On the
other hand the symmetric stars reach final adsorbed amounts that are close to the values
predicted by random sequential adsorption (RSA) theory. This was attributed to the
higher sticking energy and reduced mobility of the macromolecule due to increased
contacts between PVP blocks and the surface. In all cases, those stars having 40 arms
reached greater final adsorbed amounts as compared to the equivalent stars having 26
arms, which have equal S/V ratios and arm molecular weights.
The force profiles measured for the star materials are sensitive to star parameters
such as molecular weight, S/V ratio, and number of arms. This dependence however is
not straight-forward and no general trends were evident. Neutron reflectivity and AFM
measurements show the presence of aggregates on the surface of these layers. These
aggregates are attributed to the complexity of the macromolecular structure – it is
probable that with these highly branched stars, not all of the arms reach the surface, and
as a result the dangling PVP blocks can serves as tethering points for incoming
molecules.
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In general, the results reported in this dissertation show that architecture is a
parameter that can be used to impact brush structure and therefore surface properties, and
that looped polymer brushes can be created which structure and interactions can be
manipulated by changes in molecular weight, and block copolymer composition.

6.2 Recommendations

Detailed insights into the kinetics of brush formation, equilibrium structure, and
interactions have been gained for polymer brushes that tether on surfaces by multiple
ends. The systems, especially multi-armed star block copolymers proved to be very
complex, and further research is needed to fully elucidate the structure, dynamics, and
interactions of these systems. The following research is recommended to further increase
our understanding of these systems:
1. Preliminary results on the density profile obtained by neutron reflectivity in
good solvent were presented for one star. It is recommended that these studies
be completed for the rest of the stars, as those results will provide additional
insight into the solvated, nanoscale structure of these materials;
2. In Chapter 4 I showed, using a single star block copolymer, that the kinetics
of preferential adsorption and final adsorbed amount are dependent on solution
concentration. This means that concentration also affects grafting density, which
governs inter-molecular interactions. The force profiles reported in this thesis
were measured at conditions that yielded the highest surface coverage. It is
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recommended, therefore, that similar experiments be carried out at other
concentrations to elucidate the role of surface density on layer structure and
properties;
3. Even though the force profiles for the star copolymers were monotonically
repulsive, the presence of dangling chain ends cannot be ruled out completely. A
more definitive test to reveal the presence of bridging (attractive forces) would
be to study the system following the protocol described by Dai and
Toprakcioglu[1] in which adsorption was permitted on only one of the surfaces
in the SFA;
4. Contact angle measurements on the dried layers formed by adsorption of the
stars also suggest that most of the PVP is close to the surface or inside the layer.
However, it is not possible to determine what fraction of the PVP actually
reaches the surface. It may be possible, using neutron reflectivity, to study and
elucidate the density profile of the PVP blocks on the solvated layer. This can be
done by contrast matching the PS portion of the brush, as described in the
literature;[2]
5. Many applications for polymer brushes are based on the swelling behavior
under different environment conditions. Therefore, it is recommended that the
response of the polymer layers formed from the star copolymers as a function of
solvent quality be studied;
6. The research presented in this dissertation has focused on the fundamental
understanding and characterization of polymer brushes that tether by multiple
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ends thus forming loops on the surface. No attempts were made to explore
potential specific applications that could benefit from this structure. From all the
possible applications that could benefit from these types of structures, the
modification of frictional properties of surfaces may prove beneficial. The
advantage of a looped polymer brush having multiple tethering points may be
two-fold: on one hand, multiple tethering points may create a more robust and
stable layer that is more resistant to debonding due to shearing forces; on the
other hand the chain connectivity at the periphery of the brush may give rise to
reduced frictional interactions, thereby improving the wear properties of the
surface. These experiments can be carried out using a modified version of the
SFA[3] and/or AFM;[4]
7. Finally, the detailed kinetics results presented in this dissertation can be used
to manipulate layer structure by the creation of mixed polymer brushes of
different architectures or compositions. For example, stars block copolymers can
be self-assembled at low grafting density, followed by the self-assembly of
diblock or triblock copolymers. Or triblock copolymer of different molecular
weights could be added sequentially at different stages of the adsorption process,
thus varying the ratio of each. Such systematic manipulations of the ratio and
composition of the constituent polymers provides additional opporunties for
tuning the layer structure and properties.
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Appendix A

Supplemental Information for “Looped Polymer Brushes Formed by Self Assembly of
Poly(2-vinylpyridine)-polystyrene-poly(2-vinylpyridine) Triblock Copolymers at the
Solid-Fluid Interface. Kinetics of Preferential Adsorption.”
[As published in Macromolecules 2006, 39, 8434-8439 with minor changes]

SYNTHESIS AND CHARACTERIZATION OF BLOCK COPOLYMERS
All polymeric materials used in this dissertation were synthesized by Helen Ji at
the laboratories of professor Jimmy Mays at the University of Tennessee. Their synthesis
is briefly described here as a reference.
Materials and Preparations. Styrene-d8 (98%, Cambridge Isotopes),[1] 2-vinyl
pyridine (98%, Aldrich), tetrahydrofuran (THF) (99%, Aldrich) and methanol (99%,
Aldrich) were purified to the standards of anionic polymerization.[2] The sodium
naphthalenide was prepared with naphthalene solution in hexane by exposure to a Na
mirror under high vacuum condition. All reactions were carried out in custom-made glass
reactors using high vacuum techniques, and all the reagents were added to the reactor
through break-seals.
Synthesis Scheme. A series of triblock copolymers of PVP-b-PS-b-PVP were
prepared via anionic polymerization, which allows precise control of the molecular
weights and compositions. The synthetic scheme is shown below in Figure A.1.
Sequential addition of styrene and 2-vinyl pyridine allowed the ratio of styrene to vinyl
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pyridine (S/V) to be systematically varied to allow the influence of molecular
composition, molecular weight, and asymmetry ratio to be studied. The radical anions of
sodium naphthalenide were formed by the reaction of naphthalene with Na metal in the
polar solvent, THF.[3] Through reversible electron transfer, the sodium naphthalenide
reacted with styrene to form the styrenic radical anions. The coupling of two styrene
radical anions leads to the desired difunctional initiator. Styrene was reacted with the
dianions for a time sufficient that all the styrene was consumed, and then the second
monomer (2-vinyl pyridine) was introduced. The living anionic polymerization of 2-vinyl
pyridine at both ends of the living difunctional polystyrene block was followed by
termination with methanol, yielded the PVP-b-PS-b-PVP triblock copolymer.
Polymer Characterization. Molecular characterization of the polymers was
carried out using size exclusion chromatography (SEC), light scattering and elemental
analysis. SEC was performed on a PL-GPC 120 instrument (Polymer Laboratories)
equipped with a two-angle light scattering detector (Precision Detectors) at 15° and 90°
angles. The temperature was maintained at 40 °C and the mobile phase was a mixture of
THF/triethylamine (95/5 v/v) at a flow rate of 1 ml/min. Light scattering was also carried
out using an 18-angle DAWN EOS unit (Wyatt Technology) with a solid-state laser at
690 nm at a temperature of 40°C. The weight average molecular weights were
determined by Zimm plots for polymer solutions in THF at different concentrations.
Elemental analysis of C, H/D and N elements was performed by Galbraith Laboratories
Inc. to determine the composition of the PS-d8 blocks and PVP blocks in each triblock
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copolymer. The molecular characteristics of the triblock copolymers are given below in
Table A1.
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Figure A.1 Scheme for synthesis of PVP-b-PS-b-PVP triblock copolymers.

143

Sample

Mn

PDI

S/V

NPS

T252k
T136k
T170k
T120k
T161k
T125k
T98k
D272k

252k
136k
170k
120k
161k
125k
98k
272k

1.1
1.2
1.2
1.2
1.1
1.4
1.3
1.06

10/1
10/1
4/1
4/1
1/1
1/1
1/1
11/1

2040
1100
1210
857
719
558
438
2450

NPVP
End
block
218
118
324
229
767
595
467
227

RgPS
(nm)

Ld
(nm)

AdDry
(mg/m2)

11.5
8.0
8.4
6.8
6.2
5.3
4.6
19.3

3.5
3.7
3.1
3.2
2.6
2.9
2.8
3.4

3.9
4.2
3.5
3.6
2.9
3.4
3.2
3.6

Table A.1 Molecular characteristics of triblock and diblock copolymers used in the
adsorption experiments. NPVP is the degree of polymerization of one end block. T and D
refer to triblock and diblock, respectively, and the molecular weights are given in kg/mol.
S/V refers to the styrene to vinylpyridine ratio. As described in Chapter 2, RgPS and AdDry
have been calculated based on an equivalent diblock model. Ld and AdDry are the
measured dry layer thickness and corresponding adsorbed amount, respectively.

DATA ANALYSIS (EXPANDED DESCRIPTION)
As noted in the Chapter 2, the general approach for studying the adsorption of
polymers has been to extract a thickness from the ellipsometric data by assuming a
suitable refractive index for the layer, and from that calculating the adsorbed amount.[4,
5] In this work, using phase modulated ellipsometry, the adsorbed amount and thickness
evolution can be independently measured, giving more insight into how the brush is
formed, especially during the early stages of the assembly process. Toomey et al.
demonstrated[6] that for thin and highly solvated polymer brushes where the refractive
index of the brush approaches the refractive index of the solvent, ellipsometry can be
sensitive to the zeroth moment, Γ0, and first moment, Γ1,of the refractive index profile of
the layer. When the measurements are done at the Brewster angle, two relatively simple
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expressions are obtained that relate Re(ρ) to the zeroth moment, and Im(ρ) to the first
moment of the refractive index profile and the optical properties of the substrate and
solvent.[6] From the first moment and zeroth moment of the refractive index profile as
functions of time, the adsorbed amount, Ad (mg/m2), and ellipsometric thickness, Helli,
can be calculated as functions of time by using the following expressions:[6]

⎛ dn ⎞
Ad = Γ0 ⎜ ⎟
⎝ dc ⎠

−1

⎛Γ ⎞
H elli = 2⎜⎜ 1 ⎟⎟
⎝ Γ0 ⎠

(2)

(3)

In Equation 2, dn/dc is the refractive index increment of the polymer. As Toomey et al.
noted,[6] dn/dc for the PS/PVP system is almost independent of the composition of the
copolymer; therefore a constant value of 0.102 mL/g is used for all the copolymers
studied. The validity of this assumption is confirmed by the excellent agreement between
the final adsorbed amounts attained at the end of the kinetics experiments (from the
plateau region), Ad, and the adsorbed amounts obtained from the dry layer thickness
measurements, AdDry. It should be noted that the ellipsometric thickness corresponds to an
average thickness, which will be equal to the overall thickness only in the case of a
perfectly homogeneous layer with a box-like density profile.[6]
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An example of the raw data for one of the triblock copolymers is shown in Figure
A.2, which shows the changes in Re(ρ) and Im(ρ) for the T252k copolymer as functions
of time, indicating the adsorption of the copolymer onto the silicon surface. From data
such as these for each of the self-assembling block copolymers, the corresponding
adsorbed amounts and ellipsometric thicknesses are determined using Equations 2 and 3,
and the results for each of the seven triblocks are shown in Figures 2.1 and 2.2 of Chapter
2, respectively.

0.012

Re(ρ), Im(ρ)
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0.008
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Figure A.2 Re(ρ) and Im(ρ) as a function of time for the T252k 10/1 triblock copolymer.
The adsorbed amount is directly proportional to Im(ρ) and the ellipsometric thickness is
directly proportional to the ratio Re(ρ)/Im(ρ).
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Appendix B

Effect of Experimental Protocol on the Kinetics of Preferential Adsorption of Triblock
Copolymers at the Solid-Fluid Interface.

In Chapter 2, the kinetics of preferential adsorption of a series of poly(2vinylpyridine)-polystyrene-poly(2-vinylpyridine)

(PVP-b-PS-b-PVP)

triblock

copolymers were studied using phase modulated ellipsometry. The experiments were
conducted following the guidelines described by Toomey et al.[1] This appendix focuses
on exploring how the experimental protocols affect the kinetic of preferential adsorption,
especially at early stages of the adsorption process.
The original protocol consists of removing a small amount of pure solvent (in this
case toluene) from the fluid cell and replacing it with an equal volume of a previously
equilibrated, concentrated stock solution of the copolymer. The concentration of the stock
solution used was 78 mg/l, and the injected/displaced volume was 5 ml, making a final
concentration inside the fluid cell (of 13 ml) of 30 mg/l. The results show that the kinetics
of preferential adsorption display a fast initial regime followed by a transition to a slower
regime that eventually ends by reaching a plateau in adsorbed amount. The fast initial
regime was found to follow an unexpected dependence on time as shown in Figure B.1.
We speculated that this dependence may be a result of the interaction between incoming
chains and already attached chains, or desorption of molecules that do not arrive at the
surface in a conformation amenable for tethering through the PVP blocks. Later it
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occurred to me that the strong dependence on time could be a result of the injection of a
concentrated stock solution and the disturbance it may cause on the system, especially at
early times. (Specifically, injection causes convection, but the molecules are also
transported by diffusion.) I changed the experimental protocol in order to test this
hypothesis and the results are discussed in the following paragraphs.

Slope = 0.5

1

2

Ad (mg/m )

Slope = 3.4
Slope = 1.8

0.1

Slope = 2.3
0.01

Diffusion limited
T120 (S/V = 4/1)
T252 (S/V = 10/1)
T161 (S/V = 1/1)

1E-3
10

100
t (s)

Figure B.1 Adsorbed amounts as a function of time for three representative triblock
copolymers. The solid line is the ideal diffusion controlled behavior (t½ time-dependence)
calculated using Equation 4 shown in Chapter 2 and the effective diffusion coefficient
obtained from dynamic light scattering measurements on the T120k (4/1 S/V) triblock
copolymer. This ideal diffusion-limited behavior represents an upper limit for the
adsorption process. The stronger time dependence observed for the triblocks may be the
result of interaction between incoming chains and already attached chains, or desorption
of molecules that do not arrive at the surface in a conformation amenable for tethering
through the PVP blocks.
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The modified experimental protocol consisted of, after obtaining a stable baseline
for the system in pure toluene, removing completely the solvent and replacing it with a
previously equilibrated polymer solution at the desired concentration of 30 mg/l,. The
adsorption curves determined by phase modulated ellipsometry for six of the triblock
copolymers are shown in Figure B.2.

T252 (S/V = 10/1)
T136 (S/V = 10/1)
T170 (S/V = 4/1)
T120 (S/V = 4/1)
T 161 (S/V = 1/1)
T125 (S/V = 1/1)

2

Ad (mg/m )

1

0.1

0.01
100
t (s)

Figure B.2 Kinetics of preferential adsorption for six triblock copolymers studied. The
time dependence of the adsorbed amount suggests that the initial fast regime is diffusion
limited.

As can be seen from the figure, the kinetics follows a different trajectory at early
stages of the adsorption process when using the modified protocol. Moreover, the slopes
for all the curves are very consistent, and these values are reported in Table B.2 for each
of the copolymers measured. Values of the diffusion coefficients determined using
Equation 4 shown in Chapter 2 and the slopes extracted from the data shown in Figure
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B.2 are reported in Table B.2. As can be seen in the table, the slopes are very close to 0.5,
in agreement with the expected t0.5 dependence expected for diffusion controlled kinetics,
also the diffusion coefficients are of the expected order of magnitude (1×10-7 cm2/s).

Sample

Slope (log-log plot initial regime)

Deff × 107 (cm2/s)

T252

0.526

2.86

T136

0.512

1.01

T170

0.525

3.05

T120

0.481

4.78

T161

0.523

6.28

T125

0.512

3.32

Table B.2 Slopes and diffusion coefficient values for the triblock copolymers extracted
from the initial fast regime. The values are in agreement with a diffusion controlled
mechanism.

Figure B.3 shows a comparison of the adsorption profiles at early stages for one
of the triblock copolymers studied. It can be seen in the figure that the early stage kinetics
depends on the protocol. The original protocol shows a lag that may correspond to an
induction or equilibration period introduced by the injection of the concentrated solution.
However, both curves reached similar final adsorbed amount. Park et al. have reported a
similar induction period in the adsorption of polystyrene-polyisoprene diblock
copolymers adsorbed using zwitterionic groups. A similar protocol of injecting a
concentrated solution was used in their work.[2]
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Figure B.3 Comparison of adsorption profiles obtained using the original and modified
protocols. The kinetics of preferential adsorption at early times is different depending on
the protocol used. This impacts the interpretation of the results.

These results show that the different slopes are obtained during the early stages of
kinetics of adsorption measurements are the result of the experimental protocol: injecting
a concentrated solution into the fluid cell creates an induction period that dramatically
affects the kinetics during this regime. Based on these results I recommend that kinetics
of adsorption experiments be carried out using the modified protocol, where the entire
solution is replaced. This protocol seems to minimize disturbances and yields results that
are in agreement with expectations and well-known behaviors. This modified protocol
was used in the kinetic experiments conducting using the star copolymers, which are
reported in Chapter 4.
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